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Abstract 
 
The detection and fast clearance of faults are important for the safe and optimal 
operation of HVDC systems. In HVDC systems, various types of AC faults (rectifier & 
inverter side) and DC faults can occur. It is therefore necessary to detect the faults and 
classify them for better protection and diagnostics purposes. Various techniques for 
fault detection and classification in HVDC systems using signal processing techniques 
are presented and investigated in this research work.  
In this research work, it is shown that the wavelet transformation can effectively detect 
abrupt changes in system signals which are indicative of a fault. This research has 
focused on DC faults at various distances along the lines and AC faults on the converter 
side. The DC line current is chosen as the input to the wavelet transform. The 5th level 
coefficients have been used to identify the various faults in the LCC-HVDC system. 
Moreover, the value of these coefficients has been used for the classification of the 
different faults. For more accurate classification of faults, the wavelet entropy principle 
is proposed. 
In LCC-HVDC systems, a different approach for fault identification and classification is 
proposed. In this investigation an algorithm is developed that provides the trade-off 
between large input data size and minimal number of neurons in the hidden layer, 
without compromising the accuracy. The claim is confirmed by the results provided 
from the investigation for various fault conditions and its corresponding ANN output 
which confirms the specific fault detection and its classification. 
A fault identification and classification strategy based on fuzzy logic for VSC–HVDC 
systems is proposed. Initially, the developed Fuzzy Inference Engine (FIE) detects AC 
faults occurring in the rectifier side and DC faults on the cable successfully. However, it 
could not identify the line on which the fault has occurred. Hence, to classify the faults 
ii 
 
occurring in either AC section or DC section of the HVDC system, the FIE has to be 
restructured with appropriate data input. Therefore, a FIE which identifies different 
types of fault and the corresponding line where the fault occurs anywhere in the HVDC 
system was developed. Initially the developed FIE with three input and seven output 
parameters results in an accuracy level of 99.47% being achieved. After a modified FIE 
was developed with five inputs and seven output parameters, 21 types of faults in the 
VSC HVDC system were successfully classified with 100% accuracy. The FIE was 
further developed to successfully classify with 100% accuracy faults in Multi-Terminal 
HVDC systems.  
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Chapter 1 
Introduction 
 
 
1.1 Background  
 
In 1954, Gotland 1, the first commercial installation of a high voltage direct current 
(HVDC) system was the beginning of HVDC projects in the world. From there the 
growth of the world wide HVDC transmission capacity was significant as shown in Fig 
1.1[1]. To transmit large quantities of power over long distances by overhead 
transmission lines or submarine cables, HVDC is the best technology [4]. AC has been 
the preferred global platform for electrical transmission to homes and businesses for the 
past 100 years. However high voltage AC transmission has some limitations, starting 
with transmission capacity and distance constraints, and the impossibility of directly 
connecting two AC power networks of different frequencies. HVDC is now the method 
of choice for sub-sea electrical transmission and the interconnection of asynchronous 
AC grids, providing efficient, stable transmission and control capability. HVDC is also 
the technology of choice for long distances with low electrical losses. That makes it a 
key technology in overcoming problems with renewable generation such as wind, solar 
and hydro in that these resources are seldom located near population centers that need 
them [4]. In HVDC systems, electric power is taken from a three phase AC network and 
then converts it to DC in a converter station. The DC power is then transmitted to the 
receiving point by an overhead line or cable and this is converted back to AC in another 
converter station for the receiving AC network.  
2 
 
 
Fig 1.1 Growth in global HVDC capacity (Projects up to 2016) [1] 
The global wind 2014 report from Global Wind Market Council (GWMC) shows that 
2014 was a record year for the wind industry as annual installation crossed the 50 GW 
mark for the first time [2]. More than 51 GW of new wind power capacity was brought 
on line, a sharp rise in comparison to 2013, when global installations were just over 35.6 
GW. The previous record was set in 2012 when over 45 GW of new capacity was 
installed globally. The new global total at the end of 2014 was 369.6 GW, representing 
cumulative market growth of more than 16%, which is lower than the average growth 
rate over the last 10 years (2005-2014) of almost 23%. At the end of 2013, the 
expectations for the wind power market growth were uncertain, as continued economic 
slowdown in Europe and political uncertainty in the US made it difficult to make 
projections for 2014. China, the largest overall market for wind since 2009, had another 
remarkable year, and retained the top spot in 2014. Installations in Asia again led global 
markets, with Europe reliably in the second spot, and North America a distant third. Fig 
1.2 shows the global annual installed wind capacity 1997-2014 and Fig 1.3 shows the 
global cumulative installed wind capacity 1997-2014[2]. 
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Fig 1.2 Global annual installed wind capacity 1997-2014 [2] 
 
Fig 1.3 Global cumulative installed wind capacity 1997-2014 [2] 
In Asian countries in terms of annual installations, China maintained its leadership 
position in the year 2014. China added just over 23 GW of new capacity in 2014, the 
highest annual number for any country ever. This is a significant gain over 2013 figures 
when China installed 16 GW of new capacity. China aims to nearly double its wind 
capacity to 200 GW by the end of 2020. India is the second largest wind market in Asia, 
presenting substantial opportunities for both international and domestic players. The 
Indian wind sector has struggled in the last couple of years to repeat the strong market 
performance of 2011 when over 3 GW was installed, and 2014 seems to signal the onset 
of a recovery phase. While the rest of Asia did not make much progress in 2014, there 
are some favorable signs on the horizon. The Japanese market saw new installations of 
130.4 MW in 2014 to reach a cumulative capacity of 2,788.5 MW. South Korea still has 
“green growth” as one of its national development priorities, wind power is still a 
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relatively small energy generation technology, with 47.2 MW of new installations in 
2014, bringing total installed capacity to just over 608 MW. Pakistan commissioned 
149.5 MW of large-scale commercial wind farms in 2014, with total installed capacity 
reaching 255.5 MW by the end of the year. The Philippines saw 150 MW of new 
capacity installed in 2014, bringing its total installed capacity up to 216 MW. Taiwan 
added 18 MW of new capacity, bringing its total installed capacity to just over 632 
MW. As for the rest of Asia, expect new projects to come online in Thailand and 
Vietnam in 2015.  
In North America, 1,871 MW of new wind capacity came online in Canada in 2014, 
making it the sixth largest market globally. Compared to 1,609 MW in 2013, Canada’s 
wind power market saw significant growth in 2014, its best year ever. Canada finished 
2014 with nearly 9,700 MW of total installed capacity, supplying approximately 4% of 
Canada’s electricity demand. The US is the second largest market in terms of total 
installed capacity after China today. Mexico installed 633.7 MW of new capacity to 
reach a total of 2,551 MW by the end of 2014. 
In Europe, during 2014 12,858 MW of wind power was installed across Europe, with 
the European Union (EU-28) member states accounting for 11,829 MW of the total. The 
European wind energy industry installed more new capacity than gas and coal combined 
in 2014. Across the EU-28 states the wind industry connected a total of 11,829 MW to 
the grid with coal and gas adding 3,305 MW and 2,338 MW respectively. The total 
installed offshore wind capacity for Europe now stands at 8,045 MW in 74 offshore 
wind farms in 11 European countries. Almost 1.5 GW of offshore wind was installed in 
2014, 5.3% less than 2013. The UK has the largest offshore wind capacity in Europe- 
4,494 MW accounting for over 55% of all installations. Denmark follows with 1,271 
MW or 15.8% of the market share. Germany is third with a 13% share, followed by 
Belgium with 713 MW for an 8.8% share, the Netherlands with 247 MW with a 3.1% 
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share, Sweden with 212 MW and a 2.6% share, and others with less than 1% share 
including Finland with 26 MW, Ireland with 25 MW, Spain with 5 MW, Norway with 2 
MW and Portugal with 2 MW installed capacity.  
South Africa has taken off in 2014, installing 560 MW of new capacity, for a 
cumulative capacity of 570 MW. This is just the beginning of the wind market in the 
country.  The Australian market added 567 MW in 2014 (down from 655 MW in 2013), 
bringing its total installed capacity up to 3,806 MW. According to recent research 
conducted by the Clean Energy Council, 14.76% of Australia’s electricity came from 
renewable sources in 2013 [2]. By 2020, EWEA targets to develop 40GW installed 
capacity for offshore wind in Europe [3]. The structure of the system is shown in the Fig 
1.4 [5]. 
 
Fig 1.4 HVDC system structure [5] 
1.2 Research motivations and objectives 
 
Fault analysis plays a critical role in the protection of any system. For safe operation of 
HVDC systems, the detection and fast clearance of faults in the HVDC lines are very 
important. In HVDC systems, AC side faults on the rectifier and inverter sides and DC 
faults on the line can occur.  It is necessary to investigate the fault detection and fault 
classification for better protection of the system.  
The main objective of the research is to demonstrate and assess different approaches to 
detect and classify different faults in the HVDC system. The following signal 
processing techniques are considered: 
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(i) Wavelet transformation 
(ii) Artificial neural network 
(iii) Fuzzy logic 
 
The reasons for chosen above three techniques are explained here. The major advantage 
of wavelet transform is the ability to perform local analysis i.e. to analyze a localized 
area of a larger signal. The fault generated transient signal comprises of high frequency 
and low frequency components. High frequency signals high light the instant of fault 
occurrence. By applying multiband filters, high frequency signals can be extracted and 
used to detect the time where a fault generated. Authors in [56] clearly mentioned the 
importance of the wavelet transform technology in power quality disturbance. This 
paper indicates that many studies have been conducted how to extract features using 
wavelet transform. The study mentioned in [56] are proposing of a squared wavelet 
transform coefficients at different scale, preprocessed wavelet coefficients as inputs to a 
refined neuro-fuzzy network etc. Therefore adopting directly the wavelet transform for 
the fault analysis of HVDC system is a genuine approach.  
The investigation of fault analysis of HVDC system based on artificial neural network 
(ANN) is explained here. Neural network is the most fast iteration technique with back 
propagation algorithm. Authors in [80] mentioned that the ANN can deal with hard 
classification problem and neural network is a special type of neural network that is 
widely used in the classification application. The neural network has a fast training 
process, an inherent parallel structure and guaranteed optimal classification performance 
if a sufficiently large training set is provided. Neural network is usually executed with 
more numbers inputs, hidden layer and output layers. In this research work the 
developed neural network is based on one input layer, one output layer and with five 
hidden layer neurons which make the system computation is faster.  
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Again the selection of fuzzy logic is explained here for the HVDC fault analysis. Fuzzy 
logic is a better tool dealing with a imprecise data set. The concept of imprecise is fuzzy 
logic. Fuzzy set can be manipulated with degree of membership function and it is a 
linguistic variable approach. This means variable whose values are words rather than 
numbers. An author in [89-90] shows the application of fuzzy logic in the area of fault 
classification. By considering all the above factors it is decided to choose fuzzy logic 
approach for the fault analysis of HVDC system. 
 
1.3 Research contributions and developments  
 
The research work here to achieve the objectives mentioned in the previous section has 
led to the following contributions and developments: 
 
(i) Literature review dealing with the following 
 
 Fault detection and classification in HVDC systems using wavelet 
transformation. 
 Training of the artificial neural network for detection and classification of  
faults. 
 Designing the steps of developing a Fuzzy Inference Engine for complete 
classification of HVDC system faults.  
 Fault analysis of Multi-Terminal HVDC systems.   
   
(ii) Fault analysis using Wavelet Transform 
This research shows the importance of wavelet transformation in the fault analysis of 
LCC HVDC systems. Wavelet transformation effectively proved that it can detect the 
abrupt changes of the signal indicative of a fault.  
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  DC faults in the system at various distances have been detected successfully.  
  5th level wavelet coefficients have been used to detect the DC faults at various 
locations (50km, 100km, 150km, 200km, and 250km) in the LCC HVDC 
system.  
 The detection of the DC faults at various distances has been achieved by using 
wavelet coefficients.  
 For more accurate classification of DC faults at various locations, the wavelet 
entropy principle has been applied.  
 AC faults in the system have been detected successfully.  
  In the AC fault analysis, symmetrical and unsymmetrical faults such as single 
line to ground (SLG), line to line (LL), double lines to ground (DLG) and triple 
line faults (LLL) are considered specifically. 
 5th level wavelet coefficients have been used to detect the AC faults in the LCC 
HVDC system.  
 The classification of the AC faults has been done by using wavelet coefficients 
and wavelet entropy.  
 
  
(iii) Fault analysis using Artificial Neural Network  
In this analysis the detection and classification of different faults that can occur in a 
LCC-HVDC system, with the help of artificial neural network (ANN) training algorithm 
techniques have been done.  
 Five neurons in the hidden layer and a set of training data for input and output 
layers. 
 Single-line to ground, double-line to ground, line-line, HVDC transmission line 
(DC link) and single line to ground faults on the load end (inverter side)  are 
examined. 
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 A set of simulation results are provided to show the effectiveness of the ANN 
technique subjected to developed fault conditions. 
 After detailed investigation an algorithm was developed that provided the trade-
off with large input data size and minimal number of neurons in the hidden layer 
without compromising the accuracy.  
 
(iv) Fault analysis using  Fuzzy Logic 
This research presents the detection and classification of different faults that can occur 
in the VSC1 (rectifier side) and VSC1 & VSC2 side of the VSC-HVDC system with the 
help of a fuzzy logic method.  
 In phase 1 of this research, single line to ground fault, double line to ground 
fault, triple line to ground fault and line to line ground fault has been specifically 
considered. 
 A fault index table has been developed for the fault analysis of a VSC1 of VSC-
HVDC system. 
 A Fuzzy Inference Engine has been developed for the fault analysis of a VSC1 
of VSC-HVDC system. 
  Results prove that the developed FIE identifies the AC faults occurring in the 
VSC1 side and DC faults successfully.  
 In phase 2 of this research, 21 faults have been specifically considered for 
detection and classification. 
  A fault classification strategy based on the dq transformation has been 
proposed. 
 A fault index table has been developed by using binary coding system. 
 Different fault data table has been generated for various power transfer. 
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 A Fuzzy Inference Engine with three inputs has been developed. The accuracy 
of this system was 99%. 
 A Fuzzy Inference Engine has been developed based on the Mamdani [109] and 
Sugeno [110] approach. 
 A Fuzzy Inference Engine has been modified with five inputs. The accuracy of 
this system was 100%.  
   
(v)   Fault analysis of Multi-Terminal HVDC system  
 
 In this part of the research, 20 faults have been specifically considered for 
identification and classification. 
  A fault classification strategy based on the dq transformation has been 
proposed. 
 A fault index table has been developed by a using binary coding system. 
 Different fault data table has been generated for various power transfer. 
 A Fuzzy Inference Engine with six inputs has been developed. The accuracy of 
this system was 100%. 
1.4 HVDC model and measurements 
 
In this research report the LCC/VSC HVDC model has been used for the analysis. 
In chapter 3 wavelet analysis has been applied to both LCC and VSC model. But in 
chapter 4 it is essential to investigate only LCC HVDC model. The reason is 
mentioned in chapter 4. In chapter 5 focused on VSC HVDC model and chapter 6 is 
based on muti terminal HVDC model. Throughout the research sensors has been 
connected in the same location for the measurements and its demonstration is 
shown in Fig 1.5.  
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Fig 1.5 Demonstration of measurements from HVDC model 
 
As shown in the figure above, three phase measurements has been connected to get 
the data for the analysis. The measurement block will give three phase voltages and 
currents. In the same way measurement block has been connected in the DC 
line/cable to get the data for the analysis. After getting the data from the simulation 
of MATLAB model, it is processed according to the application.  
The objective of the research work is not the modeling of the HVDC system.  This 
means generator, converter, cable and inverter have not been modeled. Therefore 
the default model from the MATLAB/Simulink model has been taken for the 
analysis. These models are used for the investigation of the various signal 
processing techniques for fault analysis in HVDC network. The ratings of the 
components of LCC/VSC model are shown in the Table 1.1.   
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Table 1.1 Rating of the HVDC components 
LCC HVDC 
Power P  1000 MW ( 500 kV, 2 kA) 
Source S1 500 kV, 5000 MVA, 60 Hz 
Source S2 345 kV, 10000 MVA, 50 Hz 
Smoothing reactor  0.5 H 
DC line  Length 300 km, Resistance per unit length = 0.015 ohms per 
km, Inductance per unit length = 0.792e-3 H/km, Capacitance 
per unit length = 14.4e-9 F/km 
Three-Phase 
Transformer 
1200 MVA, 60/50 Hz 
AC Filter 600 Mvar, 60/50 Hz 
VSC HVDC 
Source S1  230 kV, 2000 MVA, 50 Hz 
Source S2 230 kV, 2000 MVA, 50 Hz 
VSC Converter 200 MVA, (+/- 100 kV DC) 
Cable  Length 75 km, Resistance per unit length = 1.3900e-002 
ohms per km, Inductance per unit length = 1.5900e-004 
H/km, Capacitance per unit length = 2.3100e-007 F/km  
Three-phase 
Transformer 
200 MVA, 230:100 kV, 50 Hz 
AC Filter 40 Mvar, 100 kV 
 
Different faults have been considered in this research and all the type of faults is 
shown in the Table 1.2.  
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Table 1.2 Different faults scenarios in HVDC system  
Faults Representation in Thesis 
Single line to ground (a) -SLG La-G 
Single line to ground (b) -SLG Lb-G 
Single line to ground (c) -SLG Lc-G 
Double line (a-b)  - LL La -Lb 
Double line (b-c)  - LL Lb -Lc 
Double line (a-c)  - LL La -Lc 
Double line to ground (a-b) -DLG La -Lb-G 
Double line to ground (b-c) -DLG Lb -Lc-G 
Double line to ground(a-c) -DLG La -Lc-G 
Triple line to ground(a-b-c) -LLLG La- Lb- Lc-G 
DC line/cable fault, open circuit DC 
 
1.5 Outline of the Thesis 
 
This research report is divided into seven chapters. 
Chapter One 
The first chapter contains a brief introduction to the energy sector and the 
importance of HVDC in this sector. An overview of HVDC technologies is also 
presented. 
Chapter Two 
In Chapter 2 a literature review of HVDC systems and associates fault analysis is 
presented. Initially the general aspects of HVDC systems are presented and then the 
detailed reviews of the importance of the protection of the system are considered. 
Then a detailed review of wavelet based fault analysis, artificial neural network 
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based fault analysis, fuzzy logic based fault analysis and multi terminal HVDC 
system fault analysis are presented. An explanation of fault analysis of HVDC 
systems is then given.  Initially, the LCC HVDC system model and its dynamic 
behavior are presented. The VSC HVDC system is considered together with its 
dynamic behavior. At the end of this chapter, the scope of the research is presented.  
Chapter Three 
Chapter 3 deals with the application of the wavelet transform in the area of fault 
analysis of a LCC and VSC HVDC system. Wavelet based analysis has been done 
under AC fault and DC fault scenarios. After the wavelet based analysis has been 
applied, wavelet entropy is applied to the classification of the faults in the system. 
Chapter Four 
Chapter four deals with the application of an artificial neural network in the area of 
LCC HVDC system fault analysis. The training of the neural network with a back-
propagation algorithm is presented. 
Chapter Five 
This chapter deals with fuzzy logic and its application in the area of VSC HVDC 
system analysis. Based on the input data a Fuzzy Inference Engine for fault 
classification has been developed and the performance of this engine is also 
presented here. 
Chapter Six 
Chapter six deals with the fault analysis of a multi-terminal HVDC system using 
fuzzy logic. This chapter discusses the generation of the data table and the fault 
index, and the development of a Fuzzy Inference Engine for the wind farm side of a 
multi-terminal HVDC system. 
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Chapter Seven 
The conclusions of this research work are presented in the final chapter. Future work 
is also proposed. 
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Chapter 2 
Literature Review  
 
2.1 General Aspects of HVDC 
 
Future offshore wind farms will mostly be located far away from the shore, and have to 
be connected to the grid point of common coupling (PCC) via undersea cables over long 
distances. Two types of technologies are available to integrate offshore wind farms to 
the onshore mainland grid. One is HVAC (High voltage alternating current) and the 
other is HVDC (High voltage direct current). In comparison to HVDC transmission, an 
HVAC cable is characterized by its significant large shunt capacitance. This may cause 
a large charging current carrying reactive power flows and may impact the stability of 
the system. Therefore reactive power compensation becomes a natural part of the 
scheme and must be carefully designed to guarantee the system voltage stability [6]. 
The main advantage of HVAC system is that it has been already successfully used and 
for a higher power or a longer distance, the use of HVDC for transmission is necessary. 
The advantages and disadvantages of HVDC transmission are shown in Table 2.1. The 
use of HVDC technology as an alternative option for power transmission rests on the 
benefits in terms of economic and reliability issues and environmental impact. The 
thyristor-based Line Commutated Converters (LCCs) were introduced during the 1970s 
[8]. LCC is the converter that can be built with highest power rating and hence is the 
best solution for bulk power transmission. Another advantage of LCC is the low losses, 
typically 0.7% per converter [8].  
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Table 2.1 Merits and demerits of HVDC 
Merits Demerits 
No reactive power loss 
No stability problem 
No charging current 
No Skin and Ferranti effect 
Power control is possible 
Requires less space compared to AC for 
same voltage rating and size. 
Ground can be used as return conductor 
Less Corona loss and radio interference. 
Cost of terminal equipment is high 
Introduction of harmonics 
Blocking of reactive power 
Point-to-point transmission 
Limited overload capacity 
Significant reactive power requirements 
at the converter terminals. 
 
The largest disadvantage is that both the inverter and the rectifier absorb a varying 
amount of reactive power from the grid. The LCC will also need an AC voltage source 
at each terminal to be able to achieve with commutation. In order to minimize the 
harmonic content, the standard LCC design consists of with two 6-pulse bridges in 
parallel on the AC side and in series on the DC side. The two bridges are phase shifted 
30 degrees on the AC side, using transformers [8]. In 1954 the first commercial HVDC 
connection was installed between the main land of Sweden and the island of Gotland. In 
the LCC converter the current is always lagging the voltage due to the control angle of 
the thyristors; hence these converters consume reactive power. For this reason capacitor 
banks or STATCOM devices are part of the structure [9-10]. The drawbacks of LCC are 
that the converters absorb reactive power (50%-60% of active power), harmonic filters 
are needed to filter AC harmonics. 
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The Classical Voltage Source Converter (VSC) utilizing Insulated Gate Bipolar 
Transistors (IGBTs) for HVDC applications was introduced in 1997 as the ABB 
concept HVDC Light [11]. Classical VSC for HVDC applications is based on two-level 
or three-level converters [11]. With this concept it is not possible to adjust the voltage 
magnitude at the AC terminals, but the voltage can be either ± V with two-level or ± V 
or zero voltage with three-level VSC [12]. Pulse Width Modulation (PWM) is used to 
approximate the desired voltage waveform and the difference between the desired and 
implemented waveform is an unwanted distortion which has to be filtered [12]. Because 
IGBTs have limited voltage blocking capability, they need to be connected in series in 
two-level and three-level VSCs [11]. In order to increase the voltage across each 
semiconductor, series connected IGBTs must be switched absolutely simultaneously. 
This requires sophisticated gate drive circuits to enforce voltage sharing under all 
conditions [13]. With VSCs, both active power flow and reactive power flow can be 
controlled independently, and accordingly no reactive compensation is needed. A VSC 
station is therefore more compact than a LCC station as the harmonic filters are smaller 
and no capacitor banks are needed [8]. Other advantages with the VSC is that the 
converter can be connected to weak systems and even to networks lacking generation 
[8], and as no phase shift is needed, the VSC can use ordinary transformers. A 
disadvantage is that the VSC has larger losses than LCC, typically 1.7% per converter. 
Using LCC, the current direction is fixed and power reversal is achieves by changing 
the voltage polarity [8]. With VSCs, power reversal is achieves by changing of the 
current direction. This makes the VSC technology more suitable for a DC grid 
application [8]. Cross-linked polyethene (XLPE) cables can be used with VSCs but 
cannot handle the stress from a polarity change. XLPE cables are advantageous as they 
are less costly, lighter, and smaller in diameter than traditional mass impregnated cables 
[14]. The power reversal with VSCs can be done gradually because the full range of 
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active power is available, even zero active power can be combined with a positive or 
negative reactive power. Because both active and reactive power can be combined with 
positive and negative values, the converter is said to operate in all four quadrants of the 
P-Q plane [15]. LCCs normally have a minimum active power output 5% below rated 
power. This makes VSC more favorable for power transmission with varying power e.g. 
power generated from a wind farm. But an advantage with LCC HVDC is that DC pole 
to pole short circuit faults can be cleared in the converter station. This is not the case 
with classical VSC HVDC where in most cases the fault currents must be suppressed by 
opening the AC breaker feeding the converter [13]. VSC-HVDC is particularly suitable 
for the connection of distant offshore wind farms to the AC grid due to its attractive 
features of reactive power support for the wind farm, small size of filters and black-start 
capability [16].VSC HVDC can change the direction of its power flow without 
reversing the polarity of the voltage of the DC cables. This feature makes it more 
suitable for Multi-Terminal HVDC than line commutated HVDC [16]. Again another 
comparison of Current Source Converter (CSC) and VSC is shown in Table 2.2. 
Table 2.2 Comparison of CSC vs VSC 
CSC VSC 
Inductor is used in DC side 
Constant current 
Higher losses 
Fast accurate control 
Larger and more expensive 
More fault tolerant and more reliable 
Simpler control 
Capacitors is used in DC side 
Constant voltage 
More efficient 
Slow control 
Smaller and less expensive 
Less fault tolerant and less reliable 
Complex control 
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VSC transmission uses PWM modulation with a switching frequency of several 
kilohertz to synthesize a sinusoidal voltage on the AC side. The major drawback of the 
VSC technology is the high-converter loss that is caused mainly by switching losses that 
depend on the switching frequency of the semiconductor devices. The above section has 
given a brief idea about the general aspect of HVDC system. As mentioned earlier two 
basic converter technologies are used in modern HVDC transmission system. These are 
Line Commutated current source Converters (LCC) and self-commutated voltage source 
converters (VSC) which will be discussed in the following section. 
2.1.1 LCC HVDC 
 
Conventional HVDC transmission employs line-commutated, Current-Source 
Converters (CSC) with thyristor valves. Such converters require a synchronous voltage 
source in order to operate. The basic building block used for HVDC conversion is the 
three-phase, full-wave bridge referred to as a 6-pulse or Gratez bridge [17]. Fig 2.1 
shows the basic structure of LCC HVDC system [18]. As shown in Fig. 2.1, where three 
phase AC system is connected to the converter which will convert AC to DC and this 
DC power will reach to the second converter. Again the DC power will convert into AC 
power. The structure is known as monopolar HVDC system. This having only one 
conductor as opposed as two conductors and ground is normally used as a return path. 
 
    
Fig 2.1 LCC HVDC system [18] 
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2.1.2 VSC HVDC 
 
HVDC transmission with VSC converters can be beneficial to overall system 
performance. VSC converter technology can rapidly control both active and reactive 
power independently of one another. Reactive power can also be controlled at each 
terminal independent of the DC transmission voltage level. This control capability gives 
total flexibility to place converters anywhere in the AC network since there is no 
restriction on minimum network short circuit capacity. Self-commutation with VSC 
even permits black start, i.e., the converter can be used to synthesize a balanced set of 
three phase voltages as in a virtual synchronous generator. The dynamic support of the 
ac voltage at each converter terminal improves the voltage stability and can increase the 
transfer capability of the sending and receiving end AC systems thereby improving the 
transfer capability of the DC link [17]. A typical VSC HVDC configuration is shown in 
Fig 2.2 [19]. As shown in the figure a 230 kV, AC power is connected to the converter 
through the transformer. This converts AC power into the DC and the rating is 320 kV, 
1.3 kA. The DC power is converts into AC power and through the transformer this AC 
power is supplied at 400 kV to the grid.  
 
 
Fig 2.2 Typical Bipolar VSC HVDC configuration [19] 
Fig 2.3 compares the Three Gorges-Shanghai power transmission as an AC and DC 
transmission system. The top line shows two 3000 MW HVDC lines, compared to the 
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five 500 kV AC lines (below) that would have been needed if AC transmission had been 
selected to deliver the same amount of power. HVDC transmission systems clearly have 
far smaller footprints than AC systems [20]. 
 
 
Fig 2.3 Comparisons of HVDC and HVAC [20]  
HVDC transmission lines cost less than an AC line for the same transmission capacity. 
However, it is also true that HVDC terminal stations are more expensive due to the fact 
that they must perform the conversion from AC to DC, and DC to AC. But over a 
certain distance, the so called, “break-even distance” (approx. 600-800 km), the HVDC 
alternative will always provide the lowest cost [20]. Fig 2.4 shows a cost comparison of 
AC and DC transmission system for the Nelson River Bipole 1 [21]. 
 
Fig 2.4 HVDC Cost Comparison [20-21] 
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2.1.3 Multi-Terminal HVDC 
 
The most common configuration of an HVDC link consists of two terminal back to back 
converter stations connected by an overhead power line or undersea cable. An example 
is the 2000 MW Quebec to New England Transmission System opened in 1992, which 
is currently the largest multi-terminal system. Such systems are difficult to realize using 
Line Commutated Converters because reversals of power are affected by reversing the 
polarity of DC voltage, which affects all converters to the system [22]. Fig 2.5 shows a 
typical MTDC configuration [23]. This configuration consists of three converters. A 
wind farm (WF) is connected to the first converter for AC to DC conversion. This 
converter is known as Sending End Converter (SEC). After the AC-DC conversion, DC 
power is transferred through the cable to the two converters known as Receiving End 
Converter 1(REC1) and Receiving End Converter 2 (REC2) respectively. Again DC 
power is converted to AC and connects to the AC grid through the filter and 
transformer. 
 
 
Fig 2.5 Typical MTDC configuration [23] 
2.1.4 HVDC projects in the world 
 
The world’s first commercial HVDC subsea power link, Gotland 1, connected main 
land Sweden to the island of Gotland and was developed by the company ASEA, 
ABB’s predecessor in 1954. From there 170 HVDC projects have been installed around 
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the world by ABB, 41 projects are installed by Siemens. A number of projects were also 
developed by Alstom. A map of the ABB projects is shown in Fig 2.6 [24].  
 
 
Fig 2.6 Worlds HVDC projects from ABB [24] 
 
In the late 1990’s major new technologies are introduced in the form of HVDC light and 
HVDC plus. This technology was based on the development of IGBT devices in the 
converter and extruded cables with solid polymer insulation. Some HVDC projects are 
shown in Table 2.3.  
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Table 2.3 HVDC Projects 
Projects Date Capacity Length 
Biswanath-Agra,  
India 
2014-
2015 
6000 MW, ± 800 kV 1728 km 
Xiluodu-Hanzhou, China 2013 6400 MW, ± 800 kV 1300 km 
East-West Interconnector, 
Ireland-UK 
2012 500 MW, ± 200 kV 262 km 
Norned, Norway-Netherlands 2008 700 MW, ± 450 kV 580 km 
Neptune, USA 2007 660 MW, ± 500 kV 105km 
Estlink, Estonia-Finland 2006 350 MW, ± 150 kV 105 km 
Troll A, Norway 2004 2*40 MW, ± 60 kV 70 km 
Murraylink, Australia 2002 200 MW, ± 150 kV 176 km 
Directlink, Australia 2000 3*60 MW, ± 80 kV 59 km 
Skagerraki, Norway-Denmark 1976 275 MW, ± 250kV 240 km 
Pacific Intertie, USA 1970 1440 MW, ± 400 kV 1362 km 
Gotland, Sweden 1954 20 MW, ± 100kV 96 km  
 
2.1.5 Future HVDC systems  
 
To ensure high levels of supply in the future, power transportation corridors will have to 
increase their voltage and current carrying capabilities. The next generation will be 
focused on Ultra High Voltage Direct Current (UHVDC) technology. In 2010, ABB 
started research on UHVDC transmission system with a rated voltage of 1,100 kV DC 
[24]. Another development of a HVDC system is in the area of offshore projects, which 
are growing in terms of rated power and being located farther from the shore and the 
grid entry points. Capturing offshore wind energy with HVDC solutions is a big 
challenge but it will be the direction of future development. HVDC technology started 
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with point to point connection but nowadays it is developing towards multi-terminal 
converter systems. The heart of the HVDC system is a converter. Presently industrial 
research has been focused on the multilevel converter for power conversion with higher 
efficiency [25]. In conclusion, HVDC technology has advanced in recent years and bulk 
transmission for extremely long distances has reached levels of 8 GW using ± 800 kV 
UHVDC and ratings above 10 GW are envisioned within a few years [24]. 
2.2 Fault Analysis of HVDC  
 
The LCC-HVDC is a sixty years old technology but development of VSC-HVDC is 
unlikely to replace LCC based HVDC power transmission in the near future [7]. At 
present, all of the installed VSC-HVDC systems are either back to back converters or 
are connected through underground cables. No overhead DC lines have been installed as 
of yet. This means that the absence of overhead DC lines greatly reduces the risk of DC 
faults. In the case of a cable-connected systems, a ground fault is almost always 
permanent [26] because of the cable break. Classical CSC HVDC naturally is able to 
withstand short circuit current due to the presence of DC inductors which helps in 
limiting the current during fault conditions [26]. When a fault occurs on the DC side of 
a VSC-HVDC system the IGBT’s lose control and the freewheeling diodes act as a 
bridge rectifier and feed the fault [26]. 
As in AC systems, the faults in a DC system are caused by (i) the malfunctioning of the 
equipment and controllers and (ii) the failure of insulation caused by external sources 
such as lightning, pollution etc. The faults have to be detected and the system has to be 
protected by switching and control action such that the disruption in the power 
transmission is minimized [7]. The various faults also cause stressing of the equipment 
due to over currents and over voltages [7]. 
Since the thyristors  are only turn-on devices, the active power flow of CSC HVDC is 
controlled by adjusting the turn-on (firing) and the extinction time instant (overlap) 
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prior to commutation to another valve. Under transient conditions reactive power 
consumption is higher, but it can be compensated by filters and additional capacitors on 
the AC sides. The power flow is unidirectional and the reversal of the power flow 
direction requires a change in polarity of the system, which is a difficult task. The losses 
in one terminal are ≈ 0.7% at rated power. This technology is still advancing through 
the application of capacitor-commuted conversion and using the turned AC filters and 
active DC filters [27]. The high power devices, including IGBT form the basis of the 
VSC HVDC system. The use of Pulse-Width modulation (PWM) is also possible in this 
technology, so that only high-frequency harmonics are present and the filters can be 
considerably smaller. The VSC HVDC can provide a stiff DC voltage and large 
capacitors are used. VSC HVDC technology transmits active power and can provide the 
required amount of reactive power at both the power sending and the power receiving 
end. The losses in each VSC terminal are ≈ 1.6% [27]. 
As mentioned earlier, in the case of a DC-side fault, the diodes connected in parallel to 
the IGBT modules act as an uncontrolled rectifier, even if the IGBT’s are blocked. The 
short circuit current is limited only by the AC system [27]. The small DC-side 
inductance leads to a very high rate of rise of DC current. In addition, the DC capacitors 
discharge and add to the fault current [27]. The rate of rise of DC short-circuit current in 
VSC HVDC system is large compared to CSC based HVDC. The size of the DC 
capacitors in VSC is large and inductor size is small. The size of the DC inductor in 
VSC HVDC is small compared to CSC HVDC. During the DC-side fault, VSC HVDC 
control will be lost (due to diodes) and in CSC based HVDC, control can be achieved 
by using phase angle. To each technology, there are certain advantages and 
disadvantages. CSC HVDC is well established and has a higher power rating combined 
with lower losses. But a fault on the AC side can lead to commutation failure which 
results in a collapse of the DC line voltage. A CSC-based network is thus vulnerable to 
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AC side faults. A VSC based network, in turn is vulnerable to a DC side faults. Any DC 
side fault will result in a fault current with steeply increasing amplitude. CSC requires 
relatively strong AC sources and consumers reactive power at every terminal location. 
In contrast, a VSC based network could help to strengthen regions with weak AC 
systems by its independently controllable active and reactive power [27]. The types of 
faults possible on a HVDC system are as follows [26]; 
 Positive line to ground fault( L+ - G) 
 Negative line to ground fault(L- - G) 
 Positive line to negative line fault(L+ - L-) 
 Overcurrent 
 Overvoltage. 
Line to Ground (L+ or L- - G): A line to ground fault occurs when the positive or 
negative line is shorted to ground and the faulted pole rapidly discharges the capacitor. 
This causes an imbalance of the DC link voltage between the positive and negative 
poles. As the voltage of the faulted line begins to fall, high currents flow from the 
capacitor as well as the AC grid. These high currents may damage the capacitors and the 
converter [26]. 
Line-to-Line (L+ - L-): A line-to-line fault on a cable connected system is likely to occur 
on the cable. In an overhead system, line-to-line faults can be caused by an object 
falling across the positive and negative line; it may also occur in the event of the failure 
of a switching device causing the lines to short. This fault may be either temporary or 
permanent.The analyses of both thyristor-based HVDC and VSC HVDC are completely 
different in nature of the short circuit currents in the case of a fault on the DC side. In 
classic LCC HVDC, the DC side smoothing reactor has filtering tasks and protects the 
converter in case of faults. The size of the reactor has an effect on the duration of the 
short circuit current. The control system is also essential, having a limiting influence of 
29 
 
the short circuit current on the DC side. In the VSC HVDC concept, the anti-parallel 
diodes are an important part of the converter, which allows a reversal in the power 
transmission direction. This configuration plays an essential role in the event of a short 
circuit on the DC side, because of the uncontrollability of the diodes. In the case of a 
fault, the converter has to be tripped off by an AC circuit breaker to extinguish the arc. 
DC capacitors are additional short circuit sources in VSC-HVDC which contribute to 
the resulting fault current. As said before, in classic HVDC systems only the feed-in 
converter contributes to the short circuit current. In VSC HVDC systems the DC 
capacitors are an additional source. Calculation of short circuit currents is a fundamental 
aspect towards multi-terminal systems analyses for the protection system [28]. In [29] a 
single line to ground fault is considered with three different types of control systems to 
investigate the dynamic performance of the VSC-HVDC. Normally, the DC 
transmission line of VSC-HVDC can be composed of a) DC Cable b) DC Overhead 
line. The converters should be stopped immediately when a cable fault is detected. In a 
line to ground fault, the primary fault consequence is the direct discharging of the 
capacitor on the faulty pole, shown below in Fig 2.7 [30]. 
 
Fig 2.7 Discharging path under line to ground fault of bipolar system [30] 
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The voltage of the healthy pole will rise to 2 p.u. because of the action of the DC 
voltage controller [30]. In a line to line fault, the capacitor will be rapidly discharged 
due to the fault and simultaneously the AC system will experience a three phase short 
circuit through the fault point, shown in Fig 2.8 [30]. 
 
Fig 2.8 Discharging path under line to line fault of bipolar system [30] 
The fault demands that both converters should be blocked, but the AC system is still 
short circuited through the VSC Free Wheeling Diodes (FWD). This means that the AC 
system will continue to feed current into the fault even if the converter is blocked. To 
avoid this, besides blocking the converters, the DC line also needs to be isolated from 
the AC system by tripping AC breakers or introducing DC breakers [30]. Again,  
looking into the asymmetric fault calculation of an AC system interconnected by HVDC 
is presented [31]. Based on the switching function method and sequence components 
method, an equivalent model of the AC/DC system is developed and analyzed [31-33]. 
A new ambitious concept of ‘Supergrid’ has been proposed to satisfy European wind 
power development. This is a high voltage meshed DC grid that connects a number of 
wind farms and participating European country onshore substations together. If the 
‘Supergrid’ concept is utilized for multi–wind farm connection and integration to 
onshore systems, issues related to fault analysis and protection must be considered in 
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advance, especially for the new high power DC operation scenarios [34]. So DC cable 
modeling for fault analysis of VSC-HVDC transmission systems is discussed. 
Simulation results show that for low frequency DC fault current, the lumped П model is 
adequate for simulation and protection relay design. Industrial standards for dc system 
fault analysis and protection is required for DC network operation in the future [34]. 
Fault analysis plays a critical role in the protection of a transmission line. In reference 
[35], possible DC line faults are analyzed using symmetrical component analysis. The 
fault analysis based on symmetrical components is explained here. To design the dc-line 
protection scheme, it is necessary to analyze the HVDC system operating under fault 
conditions. The method of symmetrical components provides such a function. Every 
vector of pole voltages or line currents is resolved into sum of two components. 1)  a 
zero sequence component and 2)  a positive sequence component . Thus the bipolar 
HVDC system can be represented in terms of their zero and positive sequence networks 
connected in various ways depending on the type of fault.  The characteristics of the 
initial values of travelling waves under various fault conditions are investigated using 
symmetrical component analysis. In HVDC systems fault analysis is very important and 
a large number of publications are available [36-39]. These papers discuss fault analysis 
of uncontrolled rectifier HVDC links for the connection of off-shore wind farms, the 
location of DC line faults in conventional HVDC systems and study of VSC HVDC 
under AC power system faults. 
2.2.1 Protection of HVDC systems 
 
Fault analysis and protection of HVDC system is very important. Protection of DC 
systems can be done with conventional AC devices such as circuit breakers and fuses or 
with DC devices, such as IGBT circuit breakers and converter embedded devices.  
Placing AC circuit breakers on the AC side of the VSC is the most economical way to 
protect the DC system. They are commonly available and can be replaced in a shorter 
32 
 
amount of time. However, AC circuit breakers result in the longest interruption time as 
a result of their mechanical restrictions. As of March 2011, the best interrupting time for 
an AC circuit breaker is two cycles [26]. 
Fuses on the AC side are generally not a good solution for the protection of the VSC. 
The fuse will only operate in the event that the DC protection fails. 
DC protective devices such as IGBT circuit breakers, can act faster than their AC 
counterparts. When a fault occurs on the DC line, the IGBT is able to block the fault 
current. If the fault occurs on the converter side, the anti-parallel diodes conduct and 
allow current to flow, illustrated in Fig 2.9. 
 
Fig 2.9 IGBT-CB Fault Blocking Capability [26] 
 
Fast acting DC mechanical switches are used with the solid state DC switches (IGBT-
CB), which is used to isolate the line once the fault current has been cleared. It should 
be noted that the switch cannot break current and may only be opened once the fault has 
been extinguished. Once the control system senses a fault on the line, an appropriate 
IGBT-CB will receive a gate signal to block the current. Once the fault current has been 
extinguished the fast acting DC switches will open, isolating the line. To determine if 
the fault is temporary or permanent, the DC switches and the IGBT-CB will close [26]. 
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AC Protection in MTDC: DC protection by using AC circuit breakers on the AC 
system can be achieved. A “hand shaking” method is proposed [40]. In this method, AC 
circuit breakers with fast acting DC switches are implemented. The switches are only 
used to isolate lines and cannot break load or fault current.  
DC Protection in MTDC: DC protection utilizes IGBT-CB’s and fast acting DC 
switches. The IGBT-CB’s can be placed at the terminals of each VSC or at the end of 
each line. Presently AC protection devices are widely in use for protection. AC side 
protection appears to be a good solution on two terminal systems, but may cause 
unnecessary outages in multi terminal systems. Converter embedded devices provide 
better and more versatile protection than AC side protection; but still cause complete 
converter shutdown in the event of a permanent fault. DC device protection provides the 
best form of non-active protection. DC devices operate faster than AC devices under 
fault conditions and allow for more flexibility in MT-VSC-HVDC systems. Controllers 
can provide good protection in terms of allowing the system to continue to operate 
under fault conditions. Ultimately, the best form of protection appears to be a 
combination of active controllers and DC devices [26]. 
HVDC circuit breakers to break DC short-circuit currents have only been realized in 
very limited numbers and maximum ratings are 250 kV, 8kA or 500 kV, 4 kA, which is 
not more than 1.6 times the rated nominal current. The breaking time is in the order of 
35ms, but for CSC based systems, the large inductance limits the rate of rise of fault 
current, and this time is sufficiently fast.  
Most HVDC lines are used for transmission power over long distances, inevitably 
passing through complex terrain and operating under harsh weather conditions.  It is 
extremely difficult to determine where a fault is occurring on the line. The inability of 
quickly locating and removing faults on an HVDC transmission line will compromise 
the stability of the power system. In fault location techniques for HVDC transmission 
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lines, travelling wave based methods have fast responses and high accuracy, in which 
the time it takes for the travelling wave front to propagate from the fault point to the 
terminals implies the fault distance. However, they also face significant technical 
problems as follows: 
1. The detection of the wavefront is the key to travelling wave fault location. If the 
wavefront cannot be captured successfully or the wavefront does not exist at all 
on the occurrence of a fault, the fault location detection will fail. 
2. In the method, the time is measured for the wavefront to arrive at the point 
where the device is installed, and the fault distance is the product of the time and 
the wave speed. Therefore the accuracy of fault location is dependent, to a great 
extent, on the wave speed which, in turn, depends on the parameters of the line. 
3. Accuracy in fault location depends upon sampling frequency. Since the speed at 
which the wave travels over transmission lines is slightly lower than the speed of 
light, in order to achieve higher accuracy a very high sampling frequency has to 
be used in the travelling wave fault location methods. 
4. The travelling wave fault location is vulnerable to interference signals. 
In order to overcome the above difficulties a non-travelling wave fault location principle 
is proposed in [41]. For the protection of VSC HVDC systems with overhead lines, a 
superconducting fault current limiter (SCFCL) has been proposed and evaluated under 
DC faults [42]. The transient characteristic of the transmission system with a cable-to-
ground fault is analyzed in detail and the result shows that the designed protective 
inductors can effectively prevent overcurrent and protect converters [43]. A novel 
hybrid travelling wave/boundary protection scheme for bipolar HVDC lines has been 
proposed and tested in real time using a Field Programmable Gate Array (FPGA) board 
[44]. Two main factors that affect the performance of the protection are: fault resistance 
and fault location. The relationship between the two factors and the sensitivity of 
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transient harmonic current protection is discussed [45-46]. Papers [47-50] discussed 
about the development of a protection device for HVDC system. From all the reviews 
so far the following points can be identified: 
 In HVDC applications, control and protection system plays an essential role 
 Presently travelling-wave based protection and voltage derivative protection are 
usually used in HVDC protection  
 Fault analysis is a vital part of any protection system 
 Researchers proposed fault analysis specifically fault detection and classification 
 But no researchers have been proposed so far a complete detection and 
classification of different types of faults in HVDC system. This research work is 
going to address this issue for the better protection of the HVDC system 
 To identify and classify different faults in the HVDC system this research work 
is used three different signal processing techniques. These are wavelet 
transform, artificial neural network and fuzzy logic based approach. So the 
review of these techniques is discussed in the next section.    
2.2.2 Wavelet based fault analysis 
 
Fast, reliable fault detection is still a significant challenge. It is not easy to identify 
HVDC faults by using pure frequency domain based methods or pure time domain 
based methods. The pure frequency domain based methods are not suitable for the time 
varying transients and the pure time domain based methods are very easily influenced 
by noise. If this noise is white noise then it will generate irregularities.  Wavelet based 
fast detection and protection of HVDC system have been used since 2003. Authors in 
[51] used the wavelet transform for analyzing power system fault transients. In this 
paper travelling wave theory has been utilized to capture the signal for the input of the 
wavelet. But significant technical problems have been mentioned in section 2.2.1 
especially in the area of fault location or detection of the fault using travelling wave. 
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Authors of [51] strongly suggested the importance of the wavelet transform which 
possesses the unique features that make it very suitable for the particular application 
like fault detection.  The unique features are it can maps a given function from the time 
domain into time-scaling domain. In this process wavelet is the basis function and it has 
band pass characteristics. This characteristic makes the mapping similar to mapping to 
the time-frequency plane. The basis function used in wavelets process is not only 
localized in frequency but also in time. This localization will give the detection of the 
time of occurrence of abrupt disturbance. These localization features can be used in the 
fault identification of HVDC systems.  As a powerful tool for signal processing, wavelet 
analysis can be applied to travelling-wave protection techniques [52-53].  Authors in 
[52] proposed a wavelet based protection scheme for transmission lines. Authors in [53] 
suggested wavelet based analysis for location of the point of strike of a lightning 
overvoltage on a transmission line. Wavelet transform analysis should follow the 
procedure: 
• Select the signal which needs to be processed  
• Choose the mother wavelet 
• Passes the signal through two complementary filters 
• Filter will give two signals as high frequency and low frequency in terms of 
wavelet coefficients 
• Again the above procedure can be iterative to get the suitable number of 
coefficients levels. 
L. Shang [54] shows that the application of wavelet technique leads to a proper and 
more reliable solution for fault identification in HVDC system. But this paper only 
considered DC line faults, commutation failure and single line to ground faults at the 
AC side. In [54-55] the following faults are applied. 
1. DC line short circuit. 
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2. Commutation failure at the inverter station. 
3. Single phase short circuit on the AC side of the inverter station. 
4. Normal operating conditions as a reference case. 
More analysis on HVDC systems specifically for the detection of the faults is needed. 
Authors in [56] proposed a wavelet based classification for recognizing power quality 
disturbances. This paper gives the motivation for the HVDC system fault classification 
using wavelets. Research paper [57] proposed detection and classification of faults on 
transmission lines using the wavelet transform. Authors in [57] considered only four 
types of faults (L-G, LL-G, L-L, and LLL) for the detection and classification. Authors 
in [58] proposed detection of the faults on transmission line using wavelet and also to 
determine the phases involved in the fault. For the classification, this paper proposed the 
wavelet entropy principle.  The importance of the wavelet application is well proved 
especially in the area of power disturbance recognition and classification [59-60]. The 
theory of wavelet is well presented in [61]. From the papers [62- 64] researchers 
proposed fault detection and classification of the faults in HVDC systems. But most of 
the papers considered a limited number of faults.  A disturbance classification technique 
based on wavelets is presented for a HVDC system [65].  This paper focused on normal 
operation, DC line fault, commutation failure and single line to ground fault. Authors in 
[66] proposed fault detection and classification in distribution systems.  
From this review the following points can be concluded. 
 The wavelet transform can be used  to detect the faults in HVDC system 
 Researchers used wavelet for detection and classification in power system 
analysis, specifically in distribution system and for power quality analysis. But 
these have rarely been used in HVDC systems 
 Therefore wavelet analysis in HVDC system fault analysis needs to be 
addressed, specifically detection and classification of faults 
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  The wavelet entropy principle can be investigated to classify the faults in 
HVDC systems 
 This research work is focused on how to detect and classify different faults in 
LCC HVDC systems using wavelet transform 
The Fourier analysis is not considered in this research work. When the signal is 
processed through the Fourier transform the time information will lose. Wavelet 
analysis is not only localized in frequency but also in time. Moreover compared to 
Fourier analysis, wavelet will give better response for abrupt changes. In real world 
signal analysis there is a conflict between time and frequency in the Fourier analysis. By 
considering all factors this research work selected wavelet transform technique for the 
fault analysis of HVDC system.  
 
2.2.3 Artificial neural network (ANN) based fault analysis 
 
ANN has the capability to map complex and highly nonlinear input-output behavior. 
The approach is widely used to recognize patterns in electrical circuits, fault 
identification in an AC-DC system, HVDC controller design etc [67]. Authors in [68] 
presented a novel multi-neural network based approach to fault classification of high 
speed protective relaying systems. Research paper [69] proposed a neural network based 
method for fault classification in LCC HVDC system. The objective was to classify six 
different categories of faults. The three phase AC voltages, DC line current and ground 
current are used as inputs to the neural network. For the classification of six different 
faults this paper used three different measurement signals.  An author in [70] describes 
recent trends and gave a perspective on fault identification in HVDC using Artificial 
Intelligence. An artificial neural network based current controller for a HVDC 
transmission link is proposed in [71]. Fault diagnosis for VSC-HVDC using wavelet 
and ANN is shown in [72]. This paper attempts to detect and classify only seven faults 
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in the HVDC system. For training of the neural network feature extraction has been 
done using wavelets. Backpropagation, an abbreviation for “backward propagation of 
errors” is a common method of training neural networks. Training of the neural network 
should follow the following procedure: 
• Prepare the input vectors 
• Prepare the target vectors 
• Create the feedforward network 
• Train the neural network with a proper algorithm 
• Test the neural network in different scenarios  
The importance of the artificial neural network is also a well proven application in the 
area of detection and classification of power quality disturbances [73-77]. For example 
[73 and 74] discussed a neural network classifier for recognition of power quality 
disturbances. The feature extraction has been done using the S transform for this 
classifier. Authors in [75-76] proposed monitoring of power electronic circuits and 
transmission lines using neural networks. Authors in [77] present a fault classification 
scheme for high speed relaying using neural network.  Power quality disturbances 
classification using neural networks has been proposed [78]. Feature extraction has been 
done using wavelets. This paper considered the signal type with interruption, sag, swell 
etc. for the training. Research paper [79] discussed the application of a neural network 
for fault diagnosis in a HVDC system. This paper considered only five faults in the 
HVDC system. In [80-81] proposed detection of fault transients using a neural network 
for the classification. Here wavelet analysis is also considered for feature extraction.  
 In the ANN algorithm, neurons in the hidden layers serve as memory cells. NN with a 
small number of neurons in the hidden layers may be unable to model a given problem 
with sufficient accuracy, but using a large number of neurons will incur problems in 
terms of increased processing time [82]. Subsequently this may have negative effects on 
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the generalization properties of the NN by over-fitting the data [83]. Therefore, there 
should be a trade-off between the number of hidden layer neurons, computational time 
and generalized efficiency. Several techniques could be found in the literature to 
optimize the number of neurons in NN [83-88]. One method is to have a small neuron 
numbers in the hidden layer at the beginning of training and increase that number 
gradually, based on the performance precision observed from the network output.  
From this review the following points can be concluded. 
 ANN approach can be used for the detection and classification of HVDC system 
faults 
  Feature extraction is proposed from most of the papers for training 
 For the extraction of features, wavelets or the S transform is proposed by most 
researchers 
 No researchers proposed a complete detection and classification of HVDC 
system faults 
 Therefore neural network analysis in HVDC system fault analysis needs to be 
addressed, specifically detection and classification of faults  
 In LCC-HVDC system fault analysis a different approach of fault detection and 
classification is proposed.  
 
2.2.4 Fuzzy logic based fault analysis 
 
Researchers proposed fuzzy logic based fault detection and classification strategies in 
power systems.  In the case of fault classification for digital distance protection, fuzzy 
logic has proved to be a good solution with accuracy of more than 97% [89]. This paper 
successfully classified ten faults in a transmission line. This proposed method has been 
taken three line current measurements for the classification. Authors in [90] proposed a 
fuzzy logic based fault classification approach using current samples only. This 
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technique is applied for the classification of transmission line faults. In this analysis the 
total time taken for obtaining the ten fault samples for each phase is more than a half 
cycle but less than one cycle. The basic concept underlying fuzzy logic is that of a 
linguistic variable, that is, a variable whose values are words rather than numbers. 
Fuzzy logic is a form of many-valued logic and deals with reasoning similar to human 
reasoning from the ambiguous data (fuzzy data). Fuzzy logic is a rule based approach 
where a set of rules represent decision making. The first stage is a fuzzification, then a 
rule based approach and finally the defuzzification. The steps are below: 
 Fuzzy Inputs: The first step is to take the inputs and determine the degree to which they 
belong to each of the appropriate fuzzy sets via the membership function. 
Apply Fuzzy Operator: After the inputs are fuzzified the degree to which each part of 
the antecedent is satisfied for each rule. The output is a single truth value. 
Apply Implication Method: Depends on the weight of the rule this process will take 
place. 
Aggregate All Outputs: Aggregation is the process by which the fuzzy sets that 
represents the outputs of each rule are combined into a single fuzzy set. 
Defuzzify: The input for the defuzzification process is a fuzzy set and the output is a 
single number. 
Authors in [91] proposed a significant contribution of the use of a wavelet-fuzzy 
combined approach for accurate location of transmission line faults (this is not the aim 
of the thesis) for digital relaying purposes. Authors in [92] discussed a neural-fuzzy 
approach for the fault classification in power distribution systems. This paper classified 
ten types of faults. For the feature extraction [92] used wavelets. Research paper [93] 
proposed a similar approach for fault classification in transmission lines. In [94] it was 
suggested an approval to fault classification in transmission lines using fuzzy logic. This 
paper used the S transform approach for feature extraction. Papers [95-98] show the use 
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of a fuzzy logic based approach for fault location and classification of the different 
faults in a power system. These papers focused on fault detection and classification in 
single and double circuit power transmission lines and power plants. 
From this review the following points can be concluded.  
 Many researchers proposed that fuzzy logic approach is a well proven technique 
for detection and classification of the faults 
  Most of the papers relate  classification of  faults, but not in HVDC systems 
 Authors in [89] proved that the accuracy of the proposed method is 97% for the 
fault classification scheme of digital distance protection 
 Authors in [89] claiming that the proposed technique has classified the fault type 
correctly in 119 cases out of 120 test cases 
 Authors in [90] suggested that the time taken for samples of fault data is more 
than a half cycle 
 The research is focused on how to detect and classify different faults in VSC 
HVDC systems using fuzzy logic approach, in less than or equal to half cycle. 
In the VSC-HVDC system fault analysis, there are 21 types of faults that can be 
expected.  Therefore, identification itself is a challenging task. Moreover classification 
of these many faults is also another challenging job. The difficulty relates to the 
problem of overlapping of the voltage ranges which is measured during a fault. For 
example a single line to ground can be expected in any one of the three phases and it is 
very difficult to differentiate the phase specific fault. This problem has been addressed 
in this research work.   
2.2.5 Multi -Terminal HVDC fault analysis 
 
The protection system is a significant issue to take into account for VSC based MTDC 
technology for the future offshore power system backbone. A new protection algorithm 
for DC line faults in multi-terminal DC systems is proposed in [99]. This paper 
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proposed a wavelet based fault detection. But [99] considered only DC cable faults. 
Authors in [100] discussed fault analysis of MTDC. Here also fault detection by using 
wavelet decomposition was investigated and this paper considered DC side faults. 
Authors in [101] discussed DC cable fault analysis. These papers are focused on DC 
faults and its analysis. The research paper [102] proposed fault analysis on short circuit 
and ground faults. A fault locating and isolation method for a MTDC transmission is 
discussed in [103- 104]. An economic solution using AC-side circuit breakers (CBs) 
with a ‘handshaking’ coordination approach has been proposed in [103]. This paper 
addresses line to line faults and line to ground DC faults, which are the weakest points 
of voltage source converters [103]. Authors in [105] analyzed only DC line to earth 
faults in MTDC. Authors in [106] discussed about the impact of HVDC transmission 
system topology on multi-terminal DC network faults. A novel algorithm to determine 
the location of DC line faults in multi- terminal HVDC systems is presented in [107]. 
Here continuous wavelet transforms coefficients of the input signal are used to 
determine the precise time of arrival of traveling waves at the DC line terminals.  
From this review the following points can be concluded.  
 In multi-terminal HVDC system fault analysis, most of the researchers focused 
on DC fault analysis because protection of DC grid is important. As mentioned 
in review, researchers proposed AC circuit breakers for the protection of the DC 
grid because DC circuit breakers are not economical at present 
 The main application of the MT- HVDC system is in the offshore side. 
Therefore fault analysis of AC side of the wind farm needs to be addressed 
 This research is focused on fault detection and classification of multi terminal 
HVDC systems, specifically two wind farm side of the four terminal MTDC 
network. 
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2.3 LCC HVDC under fault 
 
The system shown in Fig 2.10 is used for the investigations in this research. A 1000 
MW (500 kV, 2 kA) DC interconnection is used to transmit power from a 500 kV (Line 
to Line rms), 5000 MVA, 60 Hz system to 345 kV, 10000 MVA, 50 Hz [108]. 
 
Fig 2.10 LCC HVDC system 
The rectifier and the inverter are 12 pulse converters. The converters are interconnected 
through a 300-km line. The converter transformers are modeled with three-phase 
transformer blocks.  The system is programmed to start and reach a steady state. The 
system is discretized, using a sampling time Ts = 50 µs. When the system is in the 
normal operation, the voltage and current signal at the rectifier side is shown in Fig 2.11 
and Fig 2.12 from time between 1.4 to 1.5 seconds, respectively. 
2.3.1 DC side fault on LCC 
 
When the system experienced a DC side fault the following observations can be made. 
The fault is applied at time t = 1.5 to 2 second. The corresponding three phase voltage at 
the source 1 (Rectifier) side variations is shown below as Fig 2.11. In Fig 2.11, the 
system is under normal conditions between the time 1.4 to 1.5 sec. This time the 
magnitude of the three phase voltage is 390 kV (phase to ground measured at rectifier 
side). But when the system experiences the fault at time 1.5, the magnitude of the 
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voltage is increased from 390 kV to 485 kV until time 1.7 sec. After that the magnitude 
of the voltage is comes back to 390 kV and continuing up to 2.1 sec. as shown in figure. 
 
Fig 2.11 Three phase voltage at VSC1 (Rectifier) side with respect to DC fault 
When the system experienced a DC side fault at time t = 1.5 to 2 sec., corresponding 
three phase current at the source 1 (Rectifier) side variations is shown below in Fig 
2.12. In Fig 2.12, the system is under normal conditions between the time 1.4 to 1.5 sec. 
This time the magnitude of the three phase current 1900 A.  But when the system 
experiences the fault at time 1.5, the magnitude of the current is increased from 1900 A 
to 4200 A. Then the current is decreased to 600 A between the time 1.52 to 1.57sec. 
Again from 1.57 to 1.6 sec. the current is nearly 10-20 A. From 1.6 sec. onwards the 
current increased to 600 A until 2.1 sec.  
 
Fig 2.12 Three phase current at VSC1 (Rectifier) side with respect to DC fault  
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The corresponding DC voltage is shown below in Fig 2.13. During normal conditions 
from 1.4 to 1.5 sec., the DC voltage is 500 kV. As explained earlier, the system 
experienced a fault at time 1.5 to 2 sec., and it is clear that the voltage suddenly drops 
down to 0-20 kV as shown in Fig 2.13.  The voltage is not controlled until the time 2.1 
sec. 
 
Fig 2.13 DC line voltage with respect to DC fault  
The corresponding DC current is shown below in Fig 2.14. When the system is under 
normal conditions from 1.4 to 1.5 sec. the DC current is 2000 A. Then the system 
experienced a fault at time 1.5 to 2 sec., and it is clear that the current suddenly rises to 
4400 A as shown in Fig 2.14. This peak value of the current is two times the normal 
value. Then the current starts decreasing to zero in between 1.52 to 1.7 seconds. From 
1.7 to 2.1 the current is maintained at 600 A.   
The figures show system performances during the DC fault scenario in the HVDC 
system. The DC current increases more than two times and the DC voltage fall to zero 
at the rectifier from the normal value. 
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Fig 2.14 DC line current with respect to DC fault  
2.3.2 AC side fault on LCC  
 
In this AC side fault case, the double line to ground fault is considered on the rectifier 
side. The fault time starts from 1.5 to 2 second. Fig 2.15 shows the variation of three 
phase voltage at the rectifier side. Here the fault affected phases A and B. From the time 
period 1.4 to 1.5 second. the normal value of the three phase voltage is 390 kV. Then 
the fault occurred between 1.5 to 2 second. From 2 second onwards the voltage is 
maintained to 390 kV until 2.1 sec. 
 
Fig 2.15 Three phase voltage at VSC1 (Rectifier) side with respect to DLG fault 
Fig 2.16 shows the variation of three phase current at the rectifier side (VSC1) during 
the double line to ground fault as explained earlier. From the time period 1.4 to 1.5 sec. 
48 
 
the normal value of the three phases current is 1900 A. Then the fault occurred at 1.5 to 
2 second. During this time period the current increases to 2200 A.  Again from 2 second 
onwards current is maintained to 1900 A till 2.1 second as shown in figure. 
 
Fig 2.16 Three phase current at VSC1 (Rectifier) side with respect to DLG fault 
In Fig 2.17 shows the variation of DC voltage during the double line to ground fault. 
From the time period 1.4 to 1.5 sec. the normal value of the DC voltage is 500 kV. Then 
the fault occurred at 1.5 to 2 sec. and this time the voltage falls to zero. From 2 second 
onwards the voltage starts to be maintained to 500 kV.  
 
Fig 2.17 DC line voltage with respect to DLG fault  
Again double line ground fault starts from 1.5 to 2 sec. and Fig 2.18 shows the variation 
in DC line current from the normal value 2000 A.  During the fault time the current is 
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varying in between 500-1500A. After 2 second onwards the current is tending to the 
normal value. 
 
Fig 2.18 DC line current with respect to DLG fault  
2.4 VSC HVDC systems 
 
The VSC HVDC system considered in this research [108] represents a 200 MVA, ±100 
kV voltage source converter interconnected to transmit power from a 230 kV (phase to 
phase), 2000 MVA AC system to an identical AC system. The VSC HVDC system is 
shown in Fig 2.19.  
 
Fig 2.19 VSC HVDC system 
2.4.1 DC side fault on VSC 
 
In a DC side fault on a VSC HVDC, the possibility of occurrence of a line to ground 
fault is less in the case of a DC cable which is connected between the rectifier and 
inverter station of the VSC HVDC system. Modern cable manufacturing companies 
provide high quality cables for DC transmission. Waver, sea vessel can damage the 
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cable under the sea.  By considering this practical reality only open circuit faults of the 
DC cable are considered in this research. Based on this assumption if the system 
experiences a DC cable open circuit fault, the normal operation of the VSC HVDC 
system must be interrupted.   
2.4.2 AC side fault on VSC 
 
When the system experiences a double line to ground (DLG) fault, the three phase 
voltage fluctuation at the rectifier side (VSC1) is shown in Fig 2.20. From the time 
period 1.4 to 1.5 second the normal value is 185 kV (phase to ground) as shown in the 
figure. After the fault occurred at 1.5 to 2 sec. phases A and B are affected. Then at time 
2 sec. onwards voltage is trying to maintain to its normal value. 
 
Fig 2.20 Three phase voltage with respect to DLG fault on VSC1 side 
Again when the system experiences a double line to ground (DLG) fault, the three phase 
current fluctuation at the rectifier side is shown in Fig 2.21. From the time period 1.4 to 
1.5 second the normal value is 700 A as shown in the figure. After that fault occurred on 
phases A and B between 1.5 to 2 sec., the peak value of the current increases to 1300 A. 
Then time 2 sec. onwards the current is trying to maintain its normal value.  
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Fig 2.21 Three phase current with respect to DLG fault  
When the system is experiences a double line to ground (DLG) fault, the DC voltage 
fluctuation is shown in Fig 2.22. From the time period 1.4 to 1.5 second the normal 
value of line to line DC voltage is 200 kV as shown in the figure. But after that the DC 
voltage is fluctuating. From 2 second onwards the DC voltage is trying to reach its 
steady state value. 
 
Fig 2.22 DC line voltage with respect to DLG fault  
Again when the system experiences a double line to ground (DLG) fault, the DC current 
fluctuation is shown in Fig 2.23. From the time period 1.4 to 1.5 second the normal 
value of line current is 1000 A as shown in the figure. But after that DC current 
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fluctuate and from 2 second onwards the DC current is trying to reach its steady state 
value.  
The above sections 2.3 and 2.4 show the importance of fault analysis in HVDC system. 
Therefore the scope of the research work is formulated below. In this research work 
instantaneous value has been chosen for the fault analysis. The reason is basically fault 
occurring in the system is instantaneous. Therefore instantaneous value considered 
rather than root mean square value.  
 
Fig 2.23 DC line current with respect to DLG fault on VSC1 side  
2.5 Scope of the Work 
 
From the comprehensive literature review it is understood that much of the research has 
been done in the area of HVDC system fault analysis. Many researchers used different 
signal processing techniques. But complete fault detection and classification from the 
AC and DC sides and comparative analysis of signal processing techniques is not 
available. Therefore the present thesis is aimed at addressing the gap by identifying the 
following respective objectives. 
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 Comparative study of fault detection and classification of HVDC systems using 
wavelet analysis, artificial neural network and fuzzy logic 
 The effect of DC fault location detection by these techniques 
 Complete AC fault detection and classification of MTDC systems 
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Chapter 3 
Fault analysis using Wavelet Transform 
 
3.1 Introduction 
 
This chapter presents the detection and classification of different faults that can occur in 
LCC-HVDC system with the help of wavelet transformation techniques. This chapter 
has been organized as follows. In section 3.2 a brief overview of the wavelet transform 
is given. Section 3.3 discusses the detection of the DC faults at various locations on a 
long distance transmission line using the 5th level wavelet coefficients of DC line 
current. After that section 3.4 discusses the classification of the DC fault using the 
wavelet entropy principle. In section 3.5 the detection of AC faults in the HVDC system 
using the 5th level wavelet coefficients of DC line current is discussed.  Section 3.6 
proposes a classification of AC faults using the wavelet entropy principle. Finally 
section 3.7 discussed fault detection of VSC-HVDC using wavelet transform. 
3.2 Wavelet transformations 
 
The wavelet transform has the capability of analysing signals simultaneously in both the 
time and frequency domains. The wavelet transform is the mathematical theory 
associated with building a model for non-stationary signals using a family of wavelets. 
Wavelet analysis is the breaking up of a signal into shifted and scaled versions of the 
original (or mother) wavelet. Moreover, it can adjust analysis windows automatically 
according to frequency, namely, shorter windows for higher frequency and vice versa. 
A wavelet is a function ψ with a zero average value as shown in equation (3.1). 
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∫ 𝜓(𝑡)𝑑𝑡 = 0
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−∞
                                                                                                                                  (3.1) 
Wavelet transform provides the time-frequency representation. The basis function ψ is 
typically an impulse response of a system with filtered function x(t). The information 
about time and frequency is found in the transformed signal. Hence, the wavelet 
transform contains additional information from short time Fourier transform, resolution 
in time at higher analysis frequencies of the basis function. The wavelet expansion set is 
not unique. There are many different wavelets systems that can be used effectively, but 
all seem to have the following three general characteristics. 
 
1. A wavelet system is a set of building blocks to construct or represent a signal or 
function. 
 
2. The wavelet expansion gives a time-frequency localization of the signal. 
 
3. The calculation of the coefficients from the signal can be done efficiently. 
 
 Some of the common wavelets used in power system studies are Meyer wavelet, 
Daubechies wavelet, Morlet wavelet and Mexican Hat wavelet. The purpose of this 
chapter is to show how to detect exact transients of signal changes by using Daubechie 
4 (db4) wavelets as found most commonly in power signal analysis. The db4 wavelet 
will give the transient behaviour of fault more accurately. It is effective for the detection 
of fast and short transient disturbances. Db4 will give four levels of decomposition and 
stores maximum energy. Authors in [56] mentioned that the Daubechie, “db4” wavelet 
function was adopted to perform the wavelet, because it is having larger energy 
distribution of the decomposition levels. 
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3.3 Wavelet analysis in LCC-HVDC system    
 
Transient signals in dynamic systems may undergo abrupt changes such as a jump, or a 
sharp change in the first or second derivatives. Fourier analysis usually cannot detect 
those events. The purpose of the following simulation is to show how analysis by 
wavelets can detect the exact instant when a signal changes by virtue of changes in the 
amplitude of the wavelet coefficients in various levels.  In wavelet analysis, the 
approximation coefficient (cA) is the high-scale, low frequency component of the 
signal. The details coefficient (cD) is the low-scale, high frequency component. The 
results of previous studies related to fault classification indicate that the db4 mother 
wavelet is a good choice for analyzing the power system signal and 5th level coefficients 
(pseudo-frequency range for the scale 2 to 64 is 0.011 - 0.357 Hz) gives the better 
detection of the variation of the signal[108].  So in this LCC-HVDC system fault 
analysis, for the analysis of decomposition of signals, the discrete wavelet db4 is used as 
a mother wavelet and 5th level wavelet coefficients are plotted which clearly shows 
whether the line is under fault or not. 
A standard model of a LCC HVDC system has been simulated in the SIMULINK 
platform under the MATLAB environment [108]. Figure 2.10 shows the simulation 
model in which a 1000 MW (500 kV, 2kA) DC line is used to transmit power from a 
500 kV, 5000 MVA, and 60 Hz system to a 345 kV, 10000 MVA, and 50 Hz system. 
The DC line is 300 km long. DC faults are initiated from 0.7 to 0.75 seconds at various 
locations of 50, 100, 150, 200, 250 km. The DC link current is the input of the wavelet 
transform. 28001 DC line current samples have been considered for this analysis when 
the simulation had run from 0 to 1.4 seconds. 
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3.3.1Wavelet analysis under normal HVDC system 
   
Under normal conditions the actual DC link current is considered as the input of the 
wavelet transform.  The normal value of the DC link current can be seen from the time 
0.6 second to 0.8 second in the Fig 3.1. The magnitude of the normal DC line current is 
2000 A. As mentioned in section 3.3, 5th level wavelet coefficients are plotted 
throughout the chapter. But before selecting the 5th level more rigorous tests has been 
conducted with different inputs. The following examples are shows for wavelet 
coefficients level under different power transfer from rectifier side to inverter side.  
Case 1: when power transfer at 100% 
 
Fig 3.1 Actual DC line current 
After the processing it is observed that the variations of the wavelet coefficients from 
level one to level five are shown from Fig 3.2 to Fig 3.6. The 5th level shows a clear 
distinction compared to the other levels and therefore 5th level coefficients are 
considered.  The absolute value of DC current coefficients variation in level 1 is in 
between 0.5 to 1 when the system is under normal operation as shown in Fig 3.2. 
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Fig 3.2 1st level wavelet coefficients of DC normal line current 
The absolute value of DC current coefficients variation in level 2 is between 3 to 4 
when the system is under normal operation as shown in Fig 3.3.  
 
Fig 3.3 2nd   level wavelet coefficients of DC normal line current 
The absolute value of DC current coefficients variation in level 3 is in between 10 to 14 
when the system is under normal operation as shown in Fig 3.4.  
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Fig 3.4 3rd level wavelet coefficients of DC normal line current 
The absolute value of DC current coefficients variation in level 4 is in between 20 to 30 
when the system is under normal operation as shown in Fig 3.5.  
 
Fig 3.5 4th level wavelet coefficients of DC normal line current 
The absolute value of DC current coefficients variation in level 5 is in between 40 to 50 
when the system is under normal operation as shown in Fig 3.6. The magnitude of 
wavelet coefficients increase with the increase of levels because it is related to the 
energy storage in each level of decomposition. 
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Fig 3.6 5th level wavelet coefficients of DC normal line current 
Case 2: When power transfer at 80%  
The normal value of the DC link current can be seen from the time 0.6 second to 0.8 
second in the Fig 3.7. The magnitude of the normal DC line current is 1650 A. After the 
processing it is observed that the variations of the wavelet coefficients from level one to 
level five are shown from Fig 3.8 to Fig 3.12. The 5th level shows a clear distinction 
compared to the other levels and therefore 5th level coefficients are considered.  The 
absolute value of DC current coefficients variation in level 1 is in between 0.5 to 1 
when the system is under normal operation as shown in Fig 3.8.  
 
Fig 3.7 Actual DC line current for 80% power transfer 
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Fig 3.8 1st level wavelet coefficients of DC normal line current 
The absolute value of DC current coefficients variation in level 2 is between 3 to 4 
when the system is under normal operation as shown in Fig 3.9.  
 
Fig 3.9 2nd level wavelet coefficients of DC normal line current 
The absolute value of DC current coefficients variation in level 3 is in between 10 to 16 
when the system is under normal operation as shown in Fig 3.10. 
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Fig 3.10 3rd level wavelet coefficients of DC normal line current 
The absolute value of DC current coefficients variation in level 4 is in between 30 to 40 
when the system is under normal operation as shown in Fig 3.11. 
 
Fig 3.11 4th level wavelet coefficients of DC normal line current 
The absolute value of DC current coefficients variation in level 5 is in between 55 to 75 
when the system is under normal operation as shown in Fig 3.12. 
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Fig 3.12 5th level wavelet coefficients of DC normal line current 
Case 3: When power transfer at 50%  
The normal value of the DC link current can be seen from the time 0.6 second to 0.8 
second in the Fig 3.13. The magnitude of the normal DC line current is 1000 A. After 
the processing it is observed that the variations of the wavelet coefficients from level 
one to level five are shown from Fig 3.14 to Fig 3.18. The 5th level shows a clear 
distinction compared to the other levels and therefore 5th level coefficients are 
considered.  The absolute value of DC current coefficients variation in level 1 is in 
between 0.5 to 1 when the system is under normal operation as shown in Fig 3.14.  
 
Fig 3.13 Actual DC line current for 50% power transfer 
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Fig 3.14 1st level wavelet coefficients of DC normal line current 
The absolute value of DC current coefficients variation in level 2 is between 3 to 4 
when the system is under normal operation as shown in Fig 3.15. 
 
Fig 3.15 2nd level wavelet coefficients of DC normal line current 
The absolute value of DC current coefficients variation in level 3 is in between 10 to 16 
when the system is under normal operation as shown in Fig 3.16.  
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Fig 3.16 3rd level wavelet coefficients of DC normal line current 
The absolute value of DC current coefficients variation in level 4 is in between 50 to 60 
when the system is under normal operation as shown in Fig 3.17.  
 
Fig 3.17 4th level wavelet coefficients of DC normal line current 
The absolute value of DC current coefficients variation in level 5 is in between 85 to 95 
when the system is under normal operation as shown in Fig 3.18.  
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Fig 3.18 5th level wavelet coefficients of DC normal line current 
 
Table 3.1 shows the absolute maximum values of the wavelet coefficients of the DC 
line current for different power transfer. From this comparison table the values of level 
1 are 0.5 to 1 for different power transfer. The level 2 and level 3 values are 3 to 4 and 
10 to 16 respectively under different power transfer. From level 1 to level 3 the 
coefficients values are not giving a clear distinction under different power transfer 
condition. Then considering level 4 and level 5 the values are shows a clear distinction. 
But compared to level 4, 5th level is giving the clear distinction for the wavelet 
coefficients values for the DC line current and it is decided to choose the 5th level 
coefficients throughout the chapter.    
Table 3.1 Absolute maximum values of the wavelet coefficients of the DC line current 
for different power transfer 
Power Transfer Level 1 Level 2 Level 3 Level 4 Level 5 
100% 0.5 - 1 3 - 4 10 - 14 20 - 30 40 - 50 
80% 0.5 - 1 3 - 4 10 - 16 30 - 40 55 - 75 
50% 0.5 - 1 3 - 4 10 - 16 50 - 60 85 - 95 
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3.3.2 Wavelet analysis under DC fault at various locations  
 
In the following experiment, the system experiences DC faults at different locations. In 
the first case, a DC fault is initiated at 50 km from the rectifier side (VSC1). The fault 
time is from 0.7 to 0.75 second. Under this condition the variation of the actual DC line 
current is shown in Fig 3.19. The magnitude of the current is 2000 A when the system is 
in normal operation. But after the fault the magnitude of the current is increased to 4000 
A. After the processing by the wavelet transform in five levels the absolute maximum 
value of the DC current coefficients is 450. The 5th level wavelet coefficients plot can 
be seen in Fig 3.20. From this analysis it is clear the coefficients value varies from 40 to 
450 which clearly indicate departure from the normal operating condition.  
 
Fig 3.19 Actual DC line Current for DC fault at 50 km  
 
Fig 3.20 5th level wavelet coefficients of DC line current for DC fault at 50 km 
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In the second case a DC side fault is initiated at 100 km away from the rectifier side 
(VSC1). The fault time is the same as before. When the system experiences this fault 
the variation of actual DC line current is shown in Fig 3.21. The magnitude of DC line 
current is varies from 2000 A to 4000 A when the system experiences the fault. This DC 
line current is processed by the wavelet transform and it is observed that the absolute 
maximum value of the DC current coefficients is 460. The corresponding 5th level 
coefficients plot can be seen in Fig 3.22. From this analysis it is observed that the 
variation from the normal value of the coefficients is varied from 40 to absolute 
maximum value of 460. 
  
Fig 3.21 Actual DC line current for DC fault at100 km  
 
Fig 3.22 5th level wavelet coefficients of DC line current for DC fault at 100 km 
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In the third case a DC side fault is initiated at 150 km away from the rectifier side 
(VSC1). The fault time is the same as before. When the system experiences this fault 
the variation of actual DC line current is shown in Fig 3.23. This DC line current is 
processed by the wavelet transform and it is observed that the absolute maximum value 
of the DC current coefficients is 1250. The corresponding 5th level coefficients plot can 
be seen in Fig 3.24. From this analysis it is observed that the variation from the normal 
value of the coefficients is from 40 to an absolute maximum value of 1250.  The results 
show that when the system experiences a DC fault at a distance greater than 100 km, 
there is a clear distinction between the magnitude of the coefficients compared to a DC 
fault which occurs less than 100 km.  
 
Fig 3.23 Actual DC line current for 150 km fault  
 
 
Fig 3.24 5th level wavelet coefficients of DC line current for DC fault at 150 km  
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In the next case, a DC fault is initiated at 200 km away from the rectifier side (VSC1). 
The fault time is from 0.7 to 0.75 second. After the processing by the wavelet transform 
in five levels the absolute maximum value of the DC current coefficients is 1520. The 
5th level wavelet coefficients plot can be seen in Fig 3.25. From this analysis it is clear 
the coefficients value varies from 40 to 1520.  
 
Fig 3.25 5th level wavelet coefficients of DC line current for DC fault at 200 km  
 
 
In the last case, a DC fault is initiated at 250 km away from the rectifier side. The fault 
time is from 0.7 to 0.75 second. After the processing by the wavelet transform in five 
levels the absolute maximum value of the DC current coefficients is 1650. The 5th level 
wavelet coefficients plot can be seen in Fig 3.26. From this analysis it is clear the 
coefficients value varies from 40 to 1650 which is clearly discriminated from the 
normal operating condition.  
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Fig 3.26 5th level wavelet coefficients of DC line current for DC fault at 250 km 
 
 
Table 3.2 shows the absolute maximum value of the DC current wavelet coefficients in 
the 5th levels. From this table it can be seen when the system experienced a fault at 50-
100 km the maximum coefficients is 460. But when the system is in the normal 
operation the wavelet coefficients range is 40-50. From these analyses it is clear that 
when the fault location is varied from 50-100 km, the variation of the coefficients does 
not significantly change. When a DC fault is applied at 150-200 km, the wavelet 
maximum coefficients are between 1250-1520. Here it is possible to see a significant 
variation of coefficients, specifically after 100 km.  In the case of a fault at 250 km, the 
maximum value of the coefficients is 1650 as mentioned in the table. In the analysis it is 
observed that the wavelet transform has a capability to detect the distance of fault 
location in the system. Moreover the result shows that it is possible to find the distance 
to the fault location in the DC side from the ranges of the value of the coefficients. 
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Table 3.2 Absolute maximum values of the Wavelet Coefficients of the DC line current 
 
Absolute maximum value of five levels wavelet coefficients of DC line current for DC fault at various 
fault distances 
DC Fault 
Normal 
Operation 
 
50 km 
 
100Km 
 
150 km 
 
200 km 
 
250 km 
Max. value of 
wavelet coefficients 
in 5th level 
 
40 
 
450 
 
460 
 
1250 
 
1520 
 
1650 
 
 
3.4 Classification of DC fault using wavelet entropy 
 
The earlier section 3.3.2 shows the detection of the DC fault using the wavelet 
transform. A DC fault at various locations gives the absolute maximum value of the 5th 
level wavelet coefficients, which is shown in Table 3.2. By using these coefficients 
values it is possible to identify DC faults at various locations. But to get a more accurate 
classification, the wavelet entropy principle [58] (Appendix 1) is used. As the system 
changes from the normal state to a fault state the amplitude and frequency of the test 
signal will change. The Shannon entropy will also change accordingly. This entropy 
will give the ‘energy information’ of the signal. The Shannon entropy E can be 
calculated from the equation (3.2).   
𝐸(𝑠) =  − ∑ 𝑠𝑖
2 log(𝑠𝑖
2)
𝑖
                                                                                                    (3.2) 
 
where, 𝑠 is the signal and 𝑠𝑖   is the coefficients of 𝑠 in an orthonormal basis which is 
perpendicular to the base signal 𝑠. The advantage of using Shannon entropy is, it will 
store more energy of the waveform. Shannon entropy can be used for a feature pickup 
and generate characteristic vector.  Table 3.3 gives the wavelet entropies of DC line 
current at various locations.  
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Table 3.3 The wavelet entropies of DC line current at various fault locations 
DC line current 
 
Entropy (Energy information of 
the signal) 
Normal -3.8368e+008 
 
DC fault at 50 km -6.3149e+008 
 
DC fault at 100 km -6.6952e+008 
 
DC fault at 150 km -3.4491e+009 
 
DC fault at 200 km -6.1177e+009 
 
DC fault at 250 km -6.1985e+009 
 
 
When the system is in the steady state the DC line current is processed through the 
wavelet and then the entropy of the 5th level wavelet coefficients is calculated. The 
value of entropy is -3.8368e+008 as shown in the above Table 3.3. But when a DC fault 
happens at 50 km away from rectifier side (VSC1) the entropy reduces to -6.3149e+008. 
Again when a DC fault happens at 250 km away from rectifier side the entropy falls 
down to -6.1985e+009. From the table it is clear that if the fault distance is increasing 
from rectifier side the entropy is reduced. After the many tests it is understood that the 
entropy is reduced when the fault distance is increased from VSC1 side. 
3.5 Wavelet analysis under AC fault       
    
In this analysis, the HVDC system experiences symmetrical and unsymmetrical faults 
such as single line to ground (SLG), line to line (LL), double line to ground (DLG) and 
triple line faults (LLL). The following cases are considered. The input of the wavelet is 
DC line current for AC fault identification. 
3.5.1 Wavelet analysis under single line to ground fault 
 
In the case of a single line to ground (SLG) fault which appears between 0.7 to 0.8 
second, the actual DC line current is shown in Fig. 3.27.  The corresponding wavelet 
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coefficients of the DC line current in the 5th level can be seen in Fig. 3.28. The 
maximum coefficients value is 700 and it is clearly discriminated from the normal value 
40. 
 
Fig 3.27 Actual DC line current for SLG fault at VSC1 side  
 
Fig 3.28 5th level wavelet coefficients of DC line current for SLG fault at VSC1 side 
 
 
3.5.2 Wavelet analysis under line to line fault  
 
In the second case a line to line fault is initiated at 0.7 to 0.8 second. The corresponding 
5th level absolute maximum value of DC line current coefficients is plotted in Fig 3.29. 
From this analysis it is observed that the coefficient varies from the normal value of 40 
to the maximum value 870.  
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Fig 3.29   5th level wavelet coefficients of DC line current for LL fault at VSC1 side 
 
3.5.3 Wavelet analysis under double line to ground fault  
 
In the third case a double line to ground fault is initiated at 0.7 to 0.8 second as shown 
the Fig 3.30. From this analysis it is observed that the coefficient varies from the normal 
value of 40 to the maximum value of 540.  
 
Fig 3.30   5th level wavelet coefficients of DC line current for DLG fault at VSC1 side  
 
3.5.4 Wavelet analysis under triple line fault  
 
In the last case a triple line to line fault is initiated at 0.7 to 0.8 second. From this 
analysis it is observed that the coefficient varies from the normal value of 40 to the 
maximum value of 1050.  Fig 3.31 shows the result.   
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Fig 3.31   5th level wavelet coefficients of DC line current for LLL fault at VSC1 side 
Table 3.4 shows the absolute value of the 5th level wavelet coefficients of the DC line 
current for various AC faults at the side of the rectifier. In the case of a double line to 
ground fault the maximum value is 540 and in triple line (LLL) fault, the maximum 
value is 1050. These ranges of coefficients value can be used for the classification of the 
fault. But for more accurate classification wavelet entropy principle analyses has been 
carried out in the following section. 
Table 3.4 Absolute maximum value of the Wavelet Coefficients of the DC line current 
for AC fault conditions 
 
Absolute maximum value of five levels wavelet coefficients of  dc current for various ac 
fault at rectifier side 
AC Fault at Rectifier 
side 
Normal 
Operation 
SLG LL DLG LLL 
Maximum 
coefficients 
40 700 870 540 1050 
 
3.6 Classification of AC fault using wavelet entropy 
 
In this section AC faults classification can be done using wavelet entropy. Initially DC 
line current has been considered as the input waveform and observed that there is no 
significant effect on the AC side fault classification. Therefore three phase AC currents 
have been considered for the analysis. From the Table 3.5 the value of the three separate 
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phase current entropy has given. The total entropy is -6.4769e+010 when the system is 
in the normal condition. But in the case of a SLG fault (fault at phase A) the entropy of 
phase A is decreased as compared to phase B and C. The total entropy is decreased to -
8.2408e+010 as compared to normal. Similarly in the case of DLG fault (fault at phase 
A and B) the entropy of phase A and B is decreased but phase C entropy is almost equal 
to normal value. But the total entropy is -1.9195e+011. Consider the last two cases (LL 
and LLL): the value falls compared to the normal value. In a LLL fault all phases are 
affected by a decrease in the entropy. This type of monitoring can be used as fault 
classification of the HVDC system. 
Table 3.5 The wavelet entropies of three phases AC line current  
 
 
 
Faults 
Entropy 
Phase A 
current, Ia 
Phase B 
current, Ib 
Phase C 
current, Ic 
Total Entropy 
 
Normal 
 
-2.1712e+010 
 
-2.1153e+010 
 
-2.1904e+010 
 
-6.4769e+010 
 
SLG 
 
-3.2039e+010 
 
 
-2.8048e+010 
 
-2.2321e+010 
 
-8.2408e+010 
 
DLG 
 
 
-3.3033e+010 
 
-1.3464e+011 
 
-2.4279e+010 
 
-1.9195e+011 
 
LL 
 
 
-4.6904e+010 
 
-3.4051e+010 
 
-2.3931e+010 
 
-1.0489e+011 
 
LLL 
 
-3.2867e+010 
 
 
 
-1.3215e+011 
 
-2.2619e+010 
 
-3.9121e+011 
 
3.7 Wavelet analysis in VSC-HVDC system 
 
This section is dealing with fault detection capability of wavelet transform in VSC-
HVDC system. The faults like single line to ground fault (SLG), line to line (LL), 
double line to ground (DLG) and triple line faults (LLL) are considered in the following 
analysis. The DC line current is used as the input for the wavelet transform.  
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3.7.1 Wavelet analysis under single line to ground fault 
 
In the case of a single line to ground (SLG) fault which appears between 1.5 to 2 
second, the actual DC line current is shown in Fig. 3.32. The corresponding wavelet 
coefficients of the DC line current in the 5th level can be seen in Fig. 3.33.  The result 
shows the detection capability of wavelet transform. 
 
Fig 3.32 Actual DC line current for SLG fault at VSC1 in VSC-HVDC 
 
Fig 3.33 5th level coefficients of DC line current for SLG fault at VSC1  
 
3.7.2 Wavelet analysis under line to line fault 
 
In the second case a line to line fault is initiated at 1.5 to 2 second. The corresponding 
5th level wavelet coefficients of DC line current is plotted in Fig 3.34.  
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Fig 3.34 5th level coefficients of DC line current for LL fault at VSC1 
 
3.7.3 Wavelet analysis under double line to ground fault 
 
In the third case a double line to ground fault is initiated at 1.5 to 2 second. The 
corresponding 5th level wavelet coefficients of DC line current is plotted in Fig 3.35.   
 
 
Fig 3.35 5th level coefficients of DC line current for DLG fault at VSC1 
        
 
 
3.7.4 Wavelet analysis under triple line fault 
 
In the last case a triple line to ground fault is initiated at 1.5 to 2 second. The 
corresponding 5th level wavelet coefficients of DC line current is plotted in Fig 3.36.  
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Fig 3.36 5th level coefficients of DC line current for LLL fault at VSC1 
 
3.8 Summary 
 
Fault identification in HVDC systems is a challenging process because it should be 
accurate and fast. This chapter shows the usefulness of wavelet transformation in the 
fault analysis of HVDC systems. The wavelet transform is considered as a powerful 
signal processing technique for transient analysis of signal. Wavelet transformation 
effectively proved that it can detect the abrupt changes of the signal indicative of a fault. 
This chapter considers DC faults at various distances and AC faults on the VSC1 side. 
The DC line current is chosen as the input of the wavelet transform. Then 5th level 
coefficients can be used to identify the various faults in the LCC and VSC HVDC 
system. Moreover the value of the coefficients can be used for the classification of the 
different faults which is also discussed with respect to LCC HVDC. 
For more accurate classification wavelet entropy principle is applied to different signals. 
This principle is applied to various DC fault locations and observed that if the fault 
distance is increasing from the rectifier side the entropy is reducing. Again this principle 
is applied to AC fault classification and it is observed that the entropy of the signal 
varies with respect to different AC faults in the HVDC system. Therefore in conclusion, 
by using wavelet it is possible to classify different faults in the HVDC system. The db4 
has been used as the mother wavelet for all the analysis.  
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Chapter 4 
Fault analysis using Artificial Neural Network  
 
4.1 Introduction 
 
This chapter presents the identification and classification of different faults that can 
occur in LCC-HVDC systems with the help of an artificial neural network (ANN) 
training technique. In section 4.2, an ANN based approach to the fault analysis in LCC 
HVDC is explained. In particular, single-line to ground, double-line to ground, line-line, 
HVDC transmission line (DC link) and load side inverter faults are examined. A 
complete model of a 12-pulse LCC-HVDC system together with an ANN algorithm is 
modeled in numerical simulation software. The output of the ANN can predict the 
change in appropriate firing angle required for the HVDC rectifier unit under steady- 
state, normal operation and various fault conditions. In section 4.3 a set of simulation 
results are provided to show the effectiveness of the ANN technique subjected to developed 
fault conditions. The development of a neural network is given in Appendix 2. 
4.2 Fault analysis of LCC HVDC system using ANN 
 
The data preparation is an important part for training of the neural network. For this 
work the data preparation of the ANN training for LCC HVDC is shown in Figure 4.1. 
For the training of the neural network DC current has been used as input data. Back 
propagation is the training algorithm and the target is the firing angle of the rectifier. In 
the following sections 4.2.1 and 4.2.2 explained in detail about the training of the feed 
forward neural network, back propagation algorithm respectively. 
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Fig 4.1 Training structure of ANN 
 
Fig 4.1 Training structure of ANN 
 
4.2.1 Training of the feed forward neural network 
 
As explained in the literature review section 2.2.3, there should be a trade-off between 
the number of hidden layer neurons, computational time and generalized efficiency. For 
this reason, NN with a small number of neurons in the hidden layer are considered here. 
Additionally, by choosing appropriate input and output functions, the above trade-off is 
achieved.  It is to be noted that in this application to detect a fault based on input DC 
link current information, the input layer neurons perform their function based on ‘tan-
sigmoid’ and in the output layer, neurons perform their function with ‘purelin’ which is 
a linear transfer function . The NN structure is trained using five neurons in the hidden 
layer and a set of training data was chosen for the input and output layers. The Mean 
Square Error (MSE) is calculated according to the following equation (4.1): 
                                             MSE      =    
1
𝑁
∑ |𝐸(𝑘)|2𝑡𝑘=1                              (4.1) 
where N is the number of samples, t is the time instant of the sample and E(k) is the 
instantaneous difference between expected and actual target value. MSE is stored in 
each stage of training. On investigation with five neurons in the hidden layer with 
160001 data points, the above proposed approach of NN training provides better 
precision under different fault conditions of the HVDC power transmission system. In 
this application, the trade-off for the neural network was kept between the number of 
minimum neurons in the hidden layer with the maximum available data for training.  
This means that five neurons selected in hidden layer for the training. In this analysis 
maximum available data has been chosen for input. It is possible to increase the number 
Target for Training: 
 Firing Angle of 
Rectifier 
 
 
Training Algorithm: 
Back Propagation 
 
Input Data: 
DC line current 
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of neurons in the hidden layer. But after rigorous testing five neurons selected without 
compromising the accuracy. This is demonstrated by the results provided in this chapter. 
The sampling rate of the NN is high in the investigated system and cannot be below 
50μs. The computational burden is reasonable by having five neurons in the hidden 
layer without losing precision in the real time implementation.  
 
Fig 4.2 Proposed neural network structure 
 
The proposed network structure is shown in Fig 4.2. A feed forward network with a 
back propagation algorithm is used for the training of the network. More specifically, a 
standard synchronous reference frame algorithm is used as a closed loop controller.  As 
mentioned the hidden layer function is ‘tan-sigmoid’ [108] (‘s’ shape function which 
will accommodate maximum input data) and the output layer function is ‘purelin’.  It is 
a linear transfer function which means that any variation in the input data will reflect in 
output as well. This is the reason for selection of ‘purelin’ [108]. The goal is fixed for 
0.001% error accuracy. For the training of the neural network DC current (Idc) has been 
used. These input data has been trained for the firing angle (α) of the rectifier which is 
considered as the target. 
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4.2.2 Back Propagation (Levensberg-Marquardt) (LM) BP - Algorithm 
 
The input to the ANN is the DC line current for training and the output is the desired 
firing angle generated from closed control system of LCC HVDC. The following steps 
are used to design the neural network with the Back Propagation (BP) algorithm. 
If the input to the ANN is represented by 𝑦𝑖, then the activation for a neuron is given by 

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(4.2) 
                              
where, m is the total number of inputs (excluding the bias applied to the neuron j. The 
net activity of the jth neuron is presented to the non-linearity of this neuron and output of 
the hidden layer is:  
))(()( nvny jj   (4.3) 
The correction in the weights in each time step n is obtained as 
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Weight correction in each step will be 
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(4.5) 
where, 𝜂 is the learning rate parameter. The negative sign represents the gradient 
descent in the weights space. ξ(n) is the cost function which is expressed in terms of 
error associated with the output neuron k.  
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Local gradient of the neuron j located in the hidden and output layer is expressed as: 
 

k
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Local gradient of the hidden neuron 
 
 
               
))(()(  ' nvne jjj 
 
Local gradient of the output neuron 
 
The above algorithm steps are implemented in numerical simulation software with a 
standard LCC HVDC transmission power converter system. The investigation is carried 
(4.7) 
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out with a set of designed fault conditions and ANN generated outcomes are provided in 
the next section for fault detection and classification. 
 
4.3 Results with Discussion 
 
As explained in section 2.3, a standard 12-pulse converter based LCC HVDC system 
has been considered for investigation purposes and the complete model has been 
implemented in MATLAB/Simulink software. A standard synchronous reference frame 
controller has been adapted to regulate the 12-pulse rectifier and 12-pulse inverter units 
during steady state and fault conditions. The transmission line is a DC link of length 
300km.  The AC generator operates at 60Hz and has a capacity of 5000MVA and is 
connected at 500kV. The utility transformers at the rectifier and inverter ends are 
1200MVA, with grid 345kV, 50Hz, 10000MVA and power transmission capacity of 
1000 MW. The original model and controller has been adopted from the standard 
Simulink LCC HVDC model [refer section 2.3 and Fig. 2.10]. A set of fault conditions 
are selected for the ANN identification and classification as given in Table 4.1. As 
mentioned in the introduction, single line to ground, double line to ground, line-line, DC 
line and load inverter side faults are examined. From the table, the HVDC system 
experienced a single line to ground fault at the rectifier side between 1.6 to 1.68 sec., a 
double to ground fault at 2.88 to 2.96 sec, a line to line fault at 4.16 to 4.24 sec., a DC 
link fault at 5.44 to 5.52 sec., and a single line to ground fault on inverter side from 6.72 
to 6.80 sec. All faults from the rectifier side (SLG, DLG, LL, DC) and SLG at inverter 
side fault have been trained at a time and considered data points are 160001. Due to a 
practical difficulty like limitations of memory of computer, all above mentioned faults 
are applied and trained at a time and therefore shown in a different time scale in this 
chapter. Under normal conditions the firing angle calculated by the ANN was tuned to 
16° as per the operational requirement and to benchmark the output accuracy of the 
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ANN algorithm. The output of the ANN computed firing angle is not fed into the 
system but compared in open loop conditions to observe the change in firing angle 
during the fault. 
Table 4.1 Fault conditions considered 
 
Type of Fault Fault Time (Sec.) 
Single- line-ground (SLG) fault 1.60 to 1.68 
Double- line-ground (DLG) fault 2.88 to 2.96 
Line- line (LL) fault 4.16 to 4.24 
DC link (HVDC transmission) fault 5.44 to 5.52 
Single-line-ground (SLG) fault on 
VSC2 (inverter side) 
6.72 to 6.80 
  
A. Simulation test response of fault identification and classification by the proposed 
ANN training algorithm 
(i) The first investigation focused on SLG, DLG, and LL faults on the AC generator 
side (VSC1). The corresponding three-phase voltages, three-phase currents on the 
generator side and DC link voltage, DC link current on the transmission side during 
normal and fault conditions are given in Fig 4.3 to Fig 4.6. In Fig 4.3 the three phase 
voltage magnitude is 390 kV under normal operation is shown. When the system 
experiences SLG, DLG and LL faults, the magnitude of the voltage is varies from 390 
to 480 kV, 390 to 650 kV and 390 to 500 kV respectively. 
 
Fig 4.3 Three phase voltage at VSC1 with respect to SLG, DLG, LL faults 
87 
 
Fig 4.4 shows the three phase current magnitude is 1900 A under normal operation. 
When the system experiences SLG, DLG and LL faults, the magnitude of the current is 
varies from 1900 to 2005 A, 1900 to 3500 A and 1900 to 2700 A respectively.  
 
Fig 4.4 Three phase current at VSC1 with respect to SLG, DLG, LL faults  
In Fig 4.5 shows the DC voltage magnitude is 500 kV under normal operation. When 
the system experiences SLG, DLG and LL faults, the magnitude of the voltage varies 
from 500 to 940 kV, 500 to 890 kV and 500 to 920 kV respectively.  
 
Fig 4.5 DC link voltage with respect to SLG, DLG, LL faults  
Fig 4.6 shows the current magnitude is 1900 A under normal operation. When the 
system experiences SLG, DLG and LL faults, the magnitude of the current is varies 
from 1900 to 3000 A, 1900 to 3400 A and 1900 to 3100 A respectively.  
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 Fig 4.6 DC link current with respect to SLG, DLG, LL faults  
Normal operation, fault detection and classification by ANN are clearly depicted at each 
instant by Fig 4.7. Table 4.2 gives the information of the corresponding firing angle 
estimate provided by the ANN. The corresponding firing angle from the ANN network 
for SLG, DLG and LL fault is 600, 1090 and 650 respectively. 
 
Fig 4.7ANN fault detection and classification with respect to SLG, DLG, LL faults  
(ii) A second investigation focused on the fault occurrence in the HVDC transmission 
line (DC link) from 5.44 to 5.52 sec. as given by Table 4.1. Subsequently, during 
normal and fault conditions, the three-phase voltages, three-phase currents on the AC 
generator side (rectifier side) and DC link voltage, DC link current on the transmission 
side are shown by Fig 4.8 to Fig 4.11. Fig 4.8 shows the three phase voltage magnitude 
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is 390 kV under normal operation. When the system experiences a DC fault, the 
magnitude of the voltage varies from 390 to 500 kV.  
 
Fig 4.8 Three phase line voltage with respect to DC fault 
Fig 4.9 shows the three phase current magnitude is 1900 A under normal operation. 
When the system experiences a DC fault, the magnitude of the current varies from 1900 
to 4300 A.  
 
Fig 4.9 Three phase current with respect to DC fault 
Fig 4.10 shows the DC voltage magnitude is 500 kV under normal operation. When the 
system experiences a DC fault, the magnitude of the voltage is falling to zero value.  
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Fig 4.10 DC line voltage with respect to DC fault   
Fig 4.11 shows the DC current magnitude is 2000 A under normal operation. When the 
system experiences a DC fault, the magnitude of the voltage varies from 2000 to 4800 
A.  
 
Fig 4.11 DC line current with respect to DC fault    
From Fig 4.12, it is clear that normal operation and fault conditions were detected and 
classified by the ANN. The corresponding firing angle is 1300 as given in Table 4.2. For 
the safe operation of the AC generator system or the whole HVDC system after the 
occurrence of a DC fault, the system is forced to shut down.  
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Fig 4.12 ANN fault detection and classification with respect to DC fault   
(iii) The third investigation test pertains to the SLG fault on the VSC2 (inverter side) 
and the relative fault occurrence time instant from 6.72 to 6.80 sec. as given by Table 
4.1. In Fig. 4.13 to Fig 4.16, the three-phase voltages, three-phase currents on the AC 
generator side (inverter side) and DC link voltage, DC link current during normal and 
faulty conditions are depicted. Fig 4.13 shows the three phase voltage magnitude is 390 
kV under normal operation. When the system experiences a SLG fault at the VSC2 side, 
the magnitude of the voltage varies from 390 to 500 kV.  
 
Fig 4.13 Three phase voltage with respect to SLG fault at VSC2 side  
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Fig 4.14 shows the three phase current magnitude is 1900 A under normal operation. 
When the system experiences a SLG fault at VSC2 side, the magnitude of the current 
varies from 1900 to 3800 A.  
 
Fig 4.14 Three phase current with respect to SLG fault at VSC2 side  
Fig 4.15 shows the DC voltage magnitude is 500 kV under normal operation. When the 
system experiences a SLG fault at the VSC2 side, the magnitude of the DC voltage falls 
down from 500 kV.  
 
Fig 4.15 DC line voltage with respect to SLG fault at VSC2 side  
In Fig 4.16 shows the DC current magnitude is 2000 A under normal operation. When 
the system experiences a SLG fault at the VSC2 side, the magnitude of the DC current 
rises up to 3900 A.  
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Fig 4.16 DC line current with respect to SLG fault at VSC2 side 
 
It is clear that the normal operation and fault conditions were detected and classified by 
the ANN given in Fig 4.17. The corresponding firing angle estimates is 990 as given by 
Table 4.2.  
 
Fig 4.17 ANN fault detection and classification with respect to a SLG fault at VSC2 side    
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Table 4.2 Summary of ANN algorithm generated firing Angle (Alpha) 
 
Fault Type Firing Angle Generated from 
ANN Network (estimate) 
No Fault 
 
160 
Single- line-ground (SLG) fault (Rectifier 
side) 
 
600 
Double- line-ground (DLG) fault (Rectifier 
side) 
 
1090 
Line- line (LL) fault(Rectifier side) 
 
650 
DC link (HVDC transmission) fault 
 
1300 
Single-line-ground (SLG) at inverter side 
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The above three investigation tests confirm that the ANN has the capability to detect 
and classify the normal operation and fault conditions with respect to distinct firing 
angle estimates as outputs. Hence, the above results discussed provide the positive 
outcome based on proposed trade-off and reliability of ANN as a tool for fault detection 
and classification.   
B. Performance indices of the trained ANN network 
 
Performance indices are the main criteria of the trained ANN network in terms of its 
capabilities and reliability for the set of investigation tests. Fig 4.18 confirms the criteria 
based on the back-propagation (LM) algorithm. The mean squared error reached a 
minimum for the 160001 data points. The minimal gradient parameter of the LM 
algorithm is fixed for 0.0000001 (standard fixed value for optimal error gradient output 
performance) at epoch 160001 data as shown by Fig 4.19. An epoch is a measure of the 
number of times all of the training vectors are used once to update the weights. But the 
actual resultant gradient obtained was 0.00000015696 at epoch 160001 data which is 
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actually confirmed by Fig 4.20. Finally, from the indices obtained the training, testing 
and validation of the network give satisfactory results.  
 
                                                                                                                               
Fig 4.18 ANN mean square error curve 
 
 
                                                                                                                                        
Fig 4.19 ANN gradient curve 
 
 
 
Fig 4.20 ANN epoch mu curve  
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4.4 Summary 
 
The identification and classification of different faults with the help of an artificial 
neural network (ANN) has been successfully completed for a LCC HVDC system.  In 
section 4.2 the application of an artificial neural network (ANN) training algorithm for a 
standard 12-pulse LCC HVDC power transmission system to identify and classify 
various faults has been proposed. A challenging task of this work was to develop an 
appropriate ANN algorithm with good trade-off between the selection of a large data 
sample for fault identification as the input parameter (DC link current) and the number 
of neurons for training in the hidden layers which acts as the memory cell. After 
detailed investigation an algorithm was developed that provided the trade-off with large 
input data size and minimal number of neurons in the hidden layer without 
compromising the accuracy. The claim was evidently confirmed by the results provided 
from this research for various fault conditions and its corresponding ANN output 
relating to firing angle, which confirms the specific fault detection and its classification.  
The above work provides an indication of the usefulness of the artificial neural network 
approach. The approach have been successful in determining the correct fault type, but 
the main disadvantage of ANN is that it requires a considerable amount of training 
effort for better performance. If the input data set is more accurate, the neural network 
will give better results. The preparation of the input data set under various operating 
conditions (such as fault resistance, loading level) is very important. The objective of 
the thesis is a complete detection and classification of HVDC system faults. Therefore 
the artificial neural network approach to the fault analysis of a VSC HVDC system is 
proposed as future work.  
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Chapter 5 
Fault analysis using Fuzzy Logic 
  
 
5.1 Introduction 
 
A fuzzy inference engine (FIE) based detection and classification of different faults that 
can occur in the rectifier (VSC1) and inverter (VSC2) side of the VSC-HVDC system, 
has been developed in this chapter.  
In section 5.2 a fault detection strategy based on fuzzy logic for a single side of the 
VSC-HVDC system is proposed. In single side of the VSC-HVDC system fault analysis 
is focused in the rectifier side (VSC1). The dq – axis voltage and current signals which 
are computed using the Park transformation from the VSC1 (Rectifier) side, are utilized 
as the input parameter in the FIE (Fuzzy Inference Engine) to identify the fault types. 
The developed FIE identifies different faults of the HVDC system based on the 
computed dq - axis voltage and current from the VSC1 side.  
In section 5.3 a fuzzy logic based approach to the fault analysis for a double side (VSC1 
and VSC2) VSC-HVDC is explained. The techniques need three input measurements of 
the VSC1 side voltage, VSC2 side voltage and DC line current of the HVDC system to 
achieve 99.47% accuracy. After the modified Fuzzy Inference Engine (FIE) with five 
input parameters, the proposed method has achieved 100% accuracy which is also 
discussed in this chapter. The developed FIE is able to classify 21 types of faults (e.g., 
La-G, Lb-G, Lc-G, La-Lb-G, La-Lc-G, Lb-Lc-G, La-Lc, Lb-Lc, La-Lc,  La- Lb- Lc-G) from 
VSC1 side (rectifier side faults) and (e.g., La-G, Lb-G, Lc-G, La -Lb-G, La -Lc-G, Lb -Lc-
G, La-Lc, Lb-Lc, La-Lc, La -Lb -Lc-G) from VSC2 side (inverter side faults) and DC cable 
open circuit fault that can be expected in the HVDC system.  
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This chapter is organized as follows. In section 5.2 VSC1 side fault analysis of a VSC-
HVDC. In section 5.2.1 and 5.2.2 the Park transformation for fault classification and 
development of FIE is discussed. In section 5.2.3 the performance evaluation is 
discussed. 
 In section 5.3 the VSC1 and VSC2 sides fault analysis of a VSC-HVDC system using 
fuzzy logic is discussed. In section 5.3.1 fault classification strategy is presented.  In 
section 5.3.2, the fault index table preparation is described in detail. In section 5.3.3 the 
development of a fault data table for different power transfer is discussed. In sections 
5.3.4 and 5.3.5 the development of the FIE and its performance evaluation is explained. 
Lastly, in sections 5.3.6 and 5.3.7 modified FIE and results with discussion are 
discussed.  
5.2 VSC1 side fault analysis of VSC HVDC system using Fuzzy Logic 
 
This section presents the detection and classification of different faults that can occur in 
the VSC1 side of the VSC-HVDC system with the help of a fuzzy logic method. 
Simulation studies of various AC side faults in the VSC-HVDC system such as single-
line to ground, double-line to ground, line-line and HVDC transmission line (DC link) 
faults have been carried out. Based on the study, a Fuzzy Inference Engine (FIE) has 
been developed for the fault detection in a VSC-HVDC system. The magnitude of dq – 
axis voltage and current obtained from source 1 voltage and current using the Park 
transformation are used as input variables in the FIE. The FIE derives a fault index 
which is used to identify the type of fault occurrence in the HVDC system.  A set of 
simulation results are provided to show the effectiveness of the developed FIE for the 
power transfer of 110%, 80%, 50%, and 30% from source 1 to source 2 through the 
HVDC system. 
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5.2.1 Park transformation for fault classification 
 
A typical bipolar VSC based HVDC system is considered in this research as shown in 
chapter 2, Fig 2.19. Generated power in a three phase AC source 1 is transferred to a 
three phase AC source 2 successfully through the HVDC system. Three-level neutral 
point clamped VSCs are used for inverters as well as rectifiers and the switches for 
VSCs are considered as IGBT/Diodes. The dynamic simulation environment is 
developed based on the mathematical model of the proposed system in the 
MATLAB/Simulink platform, which is given in section 2.4. The nature of the three 
phase voltage, current, DC voltage and DC current is shown in section 2.4.  
The preparation of the data using the Park transformation for the development of Fuzzy 
Inference Engine (FIE) is discussed here. The fault classification algorithm is based on 
the voltage and current signals derived from VSC1 voltages (Va, Vb, Vc) and currents 
(Ia, Ib, Ic) using the Park transformation. The abc to dq0 transformation computes the 
direct axis, quadratic axis, and zero sequence quantities in a two-axis rotating reference 
frame for the given three-phase signal. By using this transformation, three phase signal 
quantities are converted to two quantities as given in Eqn. (5.1 and 5.2). 
𝑉𝑑 = 2/3[ 𝑉𝑎 sin 𝜔𝑡 + 𝑉𝑏 sin (𝜔𝑡 −
2𝜋
3
) + 𝑉𝑐 sin (𝜔𝑡 +
2𝜋
3
)] 
                                                                                                                               (5.1) 
𝑉𝑞 = 2/3[ 𝑉𝑎 cos 𝜔𝑡 + 𝑉𝑏 cos (𝜔𝑡 −
2𝜋
3
) + 𝑉𝑐 cos (𝜔𝑡 +
2𝜋
3
)]               
 
The magnitude of the dq – axis value of the voltage of a three phase signal is given 
below: 
|𝑉𝑑𝑞| = √𝑉𝑑
2 + 𝑉𝑞
2                                                                                                (5.2) 
|𝐼𝑑𝑞| = √𝐼𝑑
2 + 𝐼𝑞
2                                                                                                           
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When a symmetrical three phase sinusoidal signal is transformed into dq0 components 
the value of zero components will be zero.  The average value of these voltage and 
current signal are obtained for the period of 0.01 sec. (e.g. fault applied at 1.5 sec. and 
data taken at 1.51 sec.) and are given as input parameters to the FIE for fault 
classification of the HVDC system. The magnitude of the dq – axis value of voltage 
obtained from the simulation of the VSC-HVDC system for a Double Line to Ground 
(DLG) fault at the VSC1 is shown in Fig 5.1 as an example of AC side fault in a HVDC 
system. In this figure the normal magnitude of the dq voltage is 183 kV. When the 
system experiences a fault at 1.5 sec. the voltage falls to 60 kV.  After the fault duration 
the voltage rises to the normal value. 
 
Fig 5.1 Magnitude of voltage of the dq-axis component waveform during a DLG fault at 
VSC1 side of the HVDC system 
 
The magnitude of the dq – axis value of current obtained from the simulation of VSC-
HVDC system for a Double Line to Ground (DLG) fault at the source1 is shown in Fig 
5.2 as an example of AC side fault in a HVDC system. In this figure normal magnitude 
of the dq current is 725 A. When the system experiences a fault at 1.5 sec. the current 
rises to 6900 A after which the current returns to its normal value.  
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Fig 5.2 Magnitude of current of the dq-axis component waveform during a DLG fault at 
VSC1 side of the HVDC system 
  
From Fig 5.1 and Fig 5.2, it is observed that there is a significant variation in the 
magnitude of the dq – axis voltage and current values when the DLG fault is created at 
the VSC1 side for the interval 1.5 - 2 sec. Similarly, a simulation study of five different 
types of fault has been conducted in the VSC – HVDC system and the results are given 
in Table 5.1. For example when the system is in the normal condition (no fault) the 
magnitude of the voltage from the VSC1 side is 183 kV and the corresponding current 
is 725 A. Similarly when the system experiences a double line to ground fault at source 
1 side, the voltage magnitude is 60 kV and the corresponding current is 6900 A. The 
analysis of the fault simulation study has indicated trends which form a methodology 
for creating a Fuzzy Inference Engine for fault classification in the HVDC system. 
Simulation results for various power transfer results have been shown in Appendix 3. 
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Table 5.1 Simulation results of the VSC-HVDC system during five different types of 
faults (Maximum Power: 100%) 
 
5.2.2 Development of Fuzzy Inference Engine for the Fault Analysis  
 
In this work, fuzzy logic is used to identify the different types of fault occurrence in the 
VSC-HVDC system. Values of dq – axis voltage and current of VSC1 are used as the 
input variables and the fault index is the output variable which identifies the different 
types of AC fault in the HVDC system using the FIE. The range of dq – axis voltages 
and currents obtained from the simulation is 0 ≤  VdqVSC1 ≤ 183 kV and 0 ≤ IdqVSC1 ≤ 
8.630 kA.  
The FIE is the process of formulating the mapping from the given inputs to the outputs 
using fuzzy logic. The major components of the typical FIE are fuzzification, fuzzy rule 
base, and defuzzification as shown in Fig 5.3. AND operations in the antecedent of 
fuzzy rules are used to make combined membership values for fuzzy inference. Six 
memberships for current and four memberships for voltage have been considered as the 
input parameters, which results in twenty four possible decisions. As per the simulation 
data obtained for different fault conditions in the HVDC system given in Table 5.1, 
 
Faults 
 
Calculation of Vdq and Idq from  VSC1 side 
|𝑉𝑑𝑞|(kV) |𝐼𝑑𝑞|(kA) 
Normal 183 0.725 
 
 
Faults in DC side 
 
DC L+ - G 175   1.100 
 
 
Fault in the VSC1 side (AC side faults) 
 
La-G 120 5.200 
 
La -Lb-G 60 6.900 
 
   La –Lb –Lc -G 0 8.630 
 
              La-Lb 120 6.386 
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seven valid rules are framed among twenty four possible combinations. The magnitude 
of the dq – axis current varies over a wide range between the healthy and faulty 
conditions as given in Table 5.1. To represent a different range of data, the triangular 
membership function is not sufficient. Hence, two trapezoidal memberships (mf3 and 
mf4) have been selected as the fuzzification memberships for dq – axis current as shown 
in Fig 5.4. In Table 5.1 the normal value of current is 725 A at the power transfer of 
100%. If the power transfer is 80% the current value is 570 A in normal conditions as 
seen in Appendix 3. When the system experiences a DC fault at 30% power transfer the 
value of current from VSC1 side is 600 A (See Appendix 3). Therefore FIE might 
consider a DC fault as a normal condition. These normal and DC fault values of current 
might give an overlapping problem. To avoid this overlapping of current values, two 
trapezoidal memberships have been selected for the separation. Six defuzzification 
memberships are selected to represent five different types of fault in the VSC-HVDC 
system for the defuzzification variable Fault Index. The value of the Fault Index for 
different types of faults occurs in the VSC – HVDC system is given in Table 5.2. Rules 
are framed as per the MAMDANI’S methods and the surface diagram of the framed 
rules in the MATLAB/Simulink platform is shown in Fig 5.5 [109].  
 
Fig 5.3 Fuzzy Inference Engine for fault classification of VSC-HVDC system 
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Table 5.2 Fault index table 
Fault Type Fault Index 
Healthy 0 
SLG in VSC1 La -G 1 
DLG VSC1 La-Lb -G 2 
LLLG VSC1 La-Lb-Lc -G 3 
LL VSC1 La-Lb -G 4 
DC L+-G Fault L+ -G 5 
  
 
 
 
 
 
Fig 5.4 Fuzzification and Defuzzification memberships 
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Fig 5.5 Surface diagram of FIE for fault classification of VSC – HVDC system 
 
 
 
A surface diagram shows a three-dimensional curve that represents the mapping from 
the value of dq – axis current and voltage to the fault Index. This curve represents, for a 
two input case, the entire mapping in one plot. 
The developed FIE has been verified for the simulation data obtained for the 100% 
power transfer from VSC1 to VSC2 of the HVDC system given in Table 5.1. Fig 5.6 
shows the verification of the developed FIE using a fuzzy logic tool box in the 
MATLAB platform for the input values corresponding to the normal operation of the 
HVDC system.  
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Fig 5.6 Verification of the developed FIE in MATLAB 
 
The rule viewer shows the roadmap of the whole fuzzy inference process. The first two 
columns display the membership function referenced by the current and voltage. The 
third column shows the membership function referenced by the fault index. The last plot 
in the third column represents the aggregate weighted decision for the inference system.  
5.2.3 Performance evaluation 
 
Simulation studies of different types of fault in the VSC – HVDC system have been 
carried out in the MATLAB/Simulink platform for the power transfer of 110%, 80%, 
50%, and 30% from VSC1 to VSC2. Simulated value of dq – axis voltage and current of 
source 1 with respect to different fault types for power transfer of 80% in the HVDC 
system are shown in Fig 5.7. The developed FIE locates the faults (such as DC fault and 
all the AC faults) in s VSC1 successfully as shown in Fig 5.7. Though the developed 
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FIE identifies SLG and DLG fault occurrence in the VSC1 side accurately, it could not 
identify in which line the fault has occurred in the HVDC system due to overlapping of 
input data. This is identified as one drawback in the developed FIE. The dq – axis 
voltage and current of VSC1 with respect to different types of fault and at power 
transfer of 50% of the HVDC system is also tested.  
 
 
Fig 5.7 FIE output corresponding to the 80% power transfer from VSC1 to VSC2 
 
 
The developed FIE indicates the DC fault and all AC faults in the VSC1 side 
successfully as given in Table 5.3.  
 
 
 
 
 
 
 
0
1
2
3
4
5
6
Normal SLG in S1 DLG in S1 LLLG in S1 LL in S1 DC LG
F
au
lt
 I
n
d
ex
Actual Expected
La-G in V C1 La-Lb-G in VSC1 La-Lb- c-  in VSC1 La-Lb in VSC1  + - G
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Table 5.3 FIE output corresponding to the 50% power transfer from VSC1 to VSC2 
 
The performance of the developed FIE has been assessed for different defuzzification 
methods such as Maximum membership (MOM), Centroid and Bisector. Performance 
comparison shows that the MOM method gives better results comparing to other 
defuzzification methods as shown in Fig 5.8. 
 
Fig 5.8 Performance comparison of different defuzzification methods 
 
The FIE identifies the DC fault and all the AC faults in the VSC1 side for various 
values of the power transfer capacity successfully as shown in Fig 5.9.  
0
1
2
3
4
5
6
Normal SLG DLG LLLG LL DC Fault
F
a
u
lt
 I
n
d
ex
Centroid MOM Bisector Expected
La-G in VSC1 La-Lb-G in VSC1 La-Lb-Lc-G in VSC1 La-Lb in VSC1 DC L
+ - G
 |𝑉𝑑𝑞|(kV) |𝐼𝑑𝑞|(kA) Fault Index  
(Calculated through MATLAB) 
 
Normal 185 0.360 0.14 
 
 
Fault in the Rectifier side 
 
SLG La -G 121 5.150 1.00 
 
DLG La-Lb-
G 
60 6.820 2.00 
 
LLLG La-Lb-
Lc -G 
0 8.500 3.00 
 
LL LaLb -G 123 6.220 4.00 
 
 
Fault in the  DC line 
 
DC L+ - G 175 1.000 4.9 
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Fig 5.9 Performance of the developed FIE for various power transfer capacity 
 
Different types of fault occurrence in the HVDC system are represented using a term 
‘Fault Index’. Simulation results prove that the developed FIE identifies the AC faults 
occurring in the VSC1 side and DC faults successfully. However, it could not identify 
the line in which the fault has occurred. Hence, to classify faults occurring in either AC 
side of the HVDC system, the FIE has to be expanded with appropriate data input. The 
development of a FIE which identifies different types of fault and the corresponding 
line where the fault occurs, is proposed in Section 5.3.      
5.3 VSC1 and VSC2 side fault analysis of VSC HVDC system using Fuzzy 
 
This section considered initially three inputs (voltage signal from rectifier side, inverter 
side and DC line current). As initial stage, simulations have been conducted for 
different fault and many parameters considered as the inputs. Then only three 
parameters are selected based on the scattering plot. These voltage signals from the 
rectifier and inverter are identified as ‘VSC1’, and ‘VSC2’ side respectively. As 
mentioned in the Introduction, all possible types of faults (e.g., La-G, Lb-G, Lc-G, La -
Lb-G, La -Lc-G, Lb -Lc-G, La-Lb, Lb-Lc, La-Lc, La -Lb -Lc-G) from  VSC1 side (rectifier 
side faults) and (e.g., La-G, Lb-G, Lc-G, La -Lb-G, La -Lc-G, Lb-Lc-G, La-Lb, Lb-Lc, La-Lc, 
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La -Lb -Lc-G) from  VSC2 side (inverter side faults) and DC cable open circuit faults 
considered in this section. With three inputs and seven outputs consider, the FIE has an 
accuracy of 99.47%. Further modification with five inputs and seven outputs in the 
inference engine has given 100% accuracy. The developed FIE has been tested with 
80%, 65%, 50% and 30% power variation from the VSC1 side to the VSC2 sides. The 
input signal measured from AC side of the HVDC system is transformed using abc to 
dq0 transform and its magnitude has taken as the input of the FIE.  All details are 
explained in this section including the solution of overlapping of the voltage problem.   
5.3.1 Fault classification strategy 
 
As explained in Chapter 2, section 2.4, figures show three phase voltages and currents at 
the rectifier side when the system experiences a fault. These signals are the VSC1 side 
voltages and currents. Similarly the inverter side voltage and current signals are called 
VSC2 side signals. In the following section, the fault classification algorithm is 
discussed.  
The dq – axis voltages of VSC1 and VSC2 are derived from the voltage signals of phase 
a, b and c using Park transformation. As mentioned Park Transformation computes the 
direct axis, quadratic axis, and zero sequence quantities in a two-axis rotating reference 
frame for a three-phase sinusoidal signal as given in Eqn. (5.3) and (5.4). The concepts 
of Park transformation based coordinate transformation has been further modified in the 
input, where phase a, b, and c voltages are multiplied with arbitrary design weights of 1, 
2 and 3 respectively with the intention to identify uniqueness of features or events 
occurring on a particular phase.  
 
[
𝑉𝑑𝑉𝑆𝐶1
𝑉𝑞𝑉𝑆𝐶1
𝑉0𝑉𝑆𝐶1
]   =
2
3
   [
𝑆𝑖𝑛𝜃 Sin (𝜃 − 120) 𝑆𝑖𝑛(𝜃 + 120)
𝐶𝑜𝑠𝜃 𝐶𝑜𝑠(𝜃 − 120) 𝐶𝑜𝑠(𝜃 + 120)
1/2 1/2 1/2
]   [
(𝑥) 𝑉𝑎𝑠1
(𝑥 + 1)𝑉𝑏𝑠1
(𝑥 + 2)𝑉𝑐𝑠1
]                 (5.3) 
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[
𝑉𝑑𝑉𝑆𝐶2
𝑉𝑞𝑉𝑆𝐶2
𝑉0𝑉𝑆𝐶2
]   =
2
3
   [
𝑆𝑖𝑛𝜃 Sin (𝜃 − 120) 𝑆𝑖𝑛(𝜃 + 120)
𝐶𝑜𝑠𝜃 𝐶𝑜𝑠(𝜃 − 120) 𝐶𝑜𝑠(𝜃 + 120)
1/2 1/2 1/2
]   [
(𝑥) 𝑉𝑎𝑠2
(𝑥+1)𝑉𝑏𝑠2
(𝑥+2)𝑉𝑐𝑠2
]                      (5.4) 
 
The magnitude of the dq – axis voltage of VSC1 and VSC2 is computed as: 
𝑉𝑑𝑞𝑉𝑆𝐶1 = √𝑉𝑑𝑉𝑆𝐶1
2 + 𝑉𝑞𝑉𝑆𝐶1
2
                                                                                                             (5.5) 
𝑉𝑑𝑞𝑉𝑆𝐶2 = √𝑉𝑑𝑉𝑆𝐶2
2 + 𝑉𝑞𝑉𝑆𝐶2
2
                                                                                                             (5.6) 
where Vd and Vq are the direct and quadratic axis voltage respectively. Gain of x, x+1 
and x+2 are used for the VSC1 and VSC2 voltages.  This gain helps to derive three 
distinct values of dq axis voltages where a fault occurs. In this simulation study the 
design value of the gains (x, x+1 and x+2) are arbitrarily assumed as 1, 2 and 3 
respectively. The complete structure of the conversion is shows in Fig 5.10.   
 
Fig 5.10 Conversion of voltages and currents through gain block  
Case study 1: single line to ground fault (La-G) at VSC1 side 
For a case study, simulation has been conducted for the verification of the above 
statement by introducing a single line to ground fault in phase a (La-G) and phase b (Lb-
G) separately on the VSC1 side of the HVDC system. The three phase voltage and the 
dq axis voltages at VSC1 and VSC2 are shown in Fig 5.11 and 5.12. In this case study 
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the fault initialisation time is 1.2 sec. and all graphs are shown between 1.1 sec. to 1.4 
sec.  In Fig 5.11 phase a, phase b and phase c voltage signals are passing through the 
gain block. Phase a gain is unity with a gain of 2 and 3 for phase b and c respectively. 
When the single line to ground fault at phase b on the VSC1 side gives a different 
magnitude of voltage signals because of the different gain block. The purpose of the 
gain block is to generate voltage signals which should have a different magnitude even 
when the same type fault occurred in different phases. These different magnitudes of 
voltage will help to generate different data for the fuzzy inference engine. From the 
results it is observed that the dq axis voltage derived during a single line to ground fault 
occurring in phase a and in phase b are distinct. Hence dq axis voltage of VSC1 and 
VSC2 is derived from the above approach commonly for all the faults in the HVDC 
system. Fig 5.11 shows the three phase voltage magnitude is 185 kV under normal 
condition. But the phase b signal (green colour) with bias will give the magnitude is 375 
kV and phase c (blue colour) with a bias will give the magnitude of 560 kV. The 
corresponding dq axis voltage is (black colour) 297 kV at 1.21 second. In Fig 5.12, the 
corresponding dq axis voltage is (black colour) 255 kV at 1.21 second. Therefore a fault 
occurred at phase a and phase b will give two distinct values i.e. 297 kV and 255 kV 
respectively. 
 
Fig 5.11 Output waveform of the VSC HVDC system during single line to ground fault 
at phase a in VSC1 side  
113 
 
 
Fig 5.12 Output waveform of the VSC HVDC system during single line to ground fault 
at phase b in VSC1 side  
 
Case study 2: three phase to ground fault in VSC2 side  
Fig 5.13 and 5.14 shows the output waveform of the VSC-HVDC system during a three 
phases to ground fault on the VSC2 side. When the fault occurs on the VSC2 side, the 
corresponding three phase voltages and dq axis voltage of VSC1 side is shown in Fig 
5.13. When the fault occurs on VSC2 side in the HVDC system, there will not be much 
change in the VSC1 side voltage.  But Fig 5.14 shows the clear variation of voltages of 
phases a b c with and without the gain and the dq axis voltage of VSC2 side. In Fig 5.13 
the normal value of three phase voltage is 185 kV. When the fault occurs on VSC2 side, 
the magnitude of phase a (red colour) is 185 kV, phase b (green colour) is 370 kV, 
phase c (blue colour) is 560 kV. But in Fig 5.14, with a fault at VSC2 the magnitude of 
phase a is 380 kV, phase b is 570 kV, and phase c is 190 kV. The measured dq axis 
voltage for VSC2 side is 384 kV, as shown in the figure. 
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Fig 5.13 Voltages of phase a b c with & without gain and dq axis voltage of 
VSC1 
 
 
 
Fig 5.14 Voltages of phase a b c with & without gain and dq axis voltage of VSC2  
 
 
 
When the system experiences a three phase to ground fault at VSC2 side the 
corresponding DC line current is shown in the Fig 5.15. The normal value of the current 
is 940 A. When the system experiences a fault at 1.2 sec. the current falls and the 
measurement has been taken at 1.21 sec. which is 325 A. 
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Fig 5.15 DC line current (fault at VSC2 side) 
 
Case study 3: DC line (open circuit) fault 
Fig 5.16, 5.17 and 5.18 shows the simulation result of the HVDC system experienced a 
DC fault in the cable. The possibility of occurrence of a line to ground fault is less in the 
case of a DC cable which is connected between the rectifier and inverter station of the 
VSC-HVDC system. Modern cable manufacturing companies are providing high quality 
cable for DC transmission. Moreover, cables can be damaged by shipping. By 
considering this practical reality only an open circuit fault of the DC cable is considered 
in this section. In Fig 5.16 the normal value of three phase voltage is 185 kV. When the 
system experiences a DC fault, the magnitude of phase A is 185 kV, phase B is 370 kV, 
and phase C is 560 kV. The dq axis voltage is 381 kV.  In Fig 5.17 the dq axis voltage is 
381 kV.     
 
Fig 5.16 Voltages of phase a b c with & without gain and dq axis voltage of VSC1 
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Fig 5.17 Voltages of phase a b c with & without gain and dq axis voltage of VSC2  
 
Fig 5.18 shows the DC line current. An open circuit fault has been applied at 1.2 sec. 
After that the current through the cable is zero which is shown in the figure. 
 
Fig 5.18 DC line current 
5.3.2 Fault index table 
 
In order to represent the fault type which occur in the VSC-HVDC system correctly, a 
binary coding system has been developed. In this coding system a seven bit binary 
number (b6 b5 b4 b3 b2 b1 b0) is used to represent 21 types of fault (as mentioned in 
section 5.1) which can occur in the HVDC system. Bit b6 represents VSC1, bit b5 
represents  VSC2, bit b4 represents DC line (DC), bit b3 represents phase a, bit b2 
represents phase b, bit b1 represents phase c, bit b0 represents  ground (G). A state of bit 
0 represents a healthy condition and 1 represents a faulty condition. Thus for a single 
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line to ground fault at VSC1 side would be 1001001 which is represented as a Fault 
Index 73 in the decimal equivalent represents La-G fault in VSC1 side. Consider another 
example of fault representation. If the fault occurred at VSC2 side and assume that this 
fault is La-Lb. This means that the affected fault line is a and b at the side of VSC2. 
Then the binary representation is based on 7 bit digital number. The bit b6 represents 0 
which means there is no fault occurred in VSC1 side. But bit b5 is 1 which means that 
there is a fault at the side of VSC2. In the same way bit b4 is 0 because there is no fault 
occurred at DC side. Again bit b3 and b2 is 1 because there is a fault at the line a and b. 
The bit b1 and b0 is 0 because there is no fault occurred at line c and ground. So the 
final representation of the binary numbers is 0101100. This binary sequence is 
converted to decimal number system which is equal to 44. This is the fault index 
number of the La-Lb fault at VSC2 side. Similarly this seven bit binary number 
represents other types of fault occurring in the HVDC system as given in Table 5.4, 
where there are 22 options (where 0 indicates a healthy operating condition). The 
concept has been taken from [89] and it is applied to fault classification scheme for 
digital distance protection based on fuzzy logic. 
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Table 5.4 Fault index table for various faults in the HVDC System 
 
b6 b5 b4 b3 b2 b1 b0    
VSCS1 VSCS2 DC a b c G 
Fault 
Index 
Faults Side 
0 0 0 0 0 0 0 0 Healthy  
1 0 0 1 0 0 1 73 La-G  
 
 
VSC1 
 
Rectifier 
side 
1 0 0 0 1 0 1 69 Lb-G 
1 0 0 0 0 1 1 67 Lc-G 
1 0 0 1 1 0 0 76 La -Lb 
1 0 0 0 1 1 0 70 Lb -Lc 
1 0 0 1 0 1 0 74 La -Lc 
1 0 0 1 1 0 1 77 La -Lb-G 
1 0 0 0 1 1 1 71 Lb -Lc-G 
1 0 0 1 0 1 1 75 La -Lc-G 
1 0 0 1 1 1 1 79 La- Lb- Lc-G 
0 0 1 0 0 0 0 16 DC  
0 1 0 1 0 0 1 41 La-G  
 
 
VSC2 
 
Inverter 
side 
0 1 0 0 1 0 1 37 Lb-G 
0 1 0 0 0 1 1 35 Lc-G 
0 1 0 1 1 0 1 45 La -Lb-G 
0 1 0 0 1 1 1 39 Lb -Lc-G 
0 1 0 1 0 1 1 43 La -Lc-G 
0 1 0 1 1 0 0 44 La -Lb 
0 1 0 0 1 1 0 38 Lb -Lc 
0 1 0 1 0 1 0 42 La -Lc 
0 1 0 1 1 1 1 47 La -Lb -Lc-G 
 
5.3.3 Fault data table for different power transfer 
 
A simulation study has been conducted by introducing different faults in the HVDC 
system for 100% power transfer from VSC1 to VSC2.  For example, when a single line 
to ground fault at the rectifier side at 1.2 second in phases a and b, the fault index is 73 
and 69 respectively. After running the simulation, data is taken at 1.21 second. So for 
phase A, the dq axis voltages of VSC1 & VSC2 and DC current with respect to the fault 
index are 297, 386 and 648. Similarly for phase b the dq axis voltages of VSC1 and 
VSC2 and DC current with respect to the fault index are 255, 386 and 768. Table 5.5 
gives the complete data table for 100% power data transfer. The data tables for various 
other levels of power transfer are provided in Appendix 3. 
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Table 5.5 VSC HVDC fault data at 100% Power Transfer 
 
Faults 
Fault 
Index 
VdqVSC1 VdqVSC2 Idc 
Faults 
Fault 
Index 
VdqVSC1 VdqVSC2 Idc 
Healthy 0 374 391 940 DC 16 381 384 0 
La-G 73 297 386 648 La-G 41 380 318 697 
Lb-G 69 255 386 768 Lb-G 37 380 275 908 
Lc-G 67 185 386 680 Lc-G 35 380 195 829 
La -Lb 76 274 383 596 La-Lb-G 45 384 204 500 
Lb -Lc 70 173 383 754 Lb-Lc-G 39 384 67 684 
La-Lc 74 235 383 703 La-Lc-G 43 384 134 555 
La-Lb-G 77 182 381 483 La-Lb 44 384 298 616 
Lb-Lc-G 71 62 381 514 Lb-Lc 38 384 182 796 
La-Lc-G 75 122 381 540 La-Lc 42 384 250 600 
La-Lb-
Lc-G 
79 0 381 425 La-Lb-Lc-
G 
47 384 0 325 
  
 
Similarly, fault analysis has been conducted in the HVDC system for a power transfer 
level of 80%, 50% and 30% from VSC1 to VSC2 and the results are presented in Fig 
5.19, 5.20 and 5.21 respectively.  
 
 
Fig 5.19 Fault analysis for 80% power transfer  
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Fig 5.20 Fault analysis for 50% power transfer 
 
 
 
 
Fig 5.21 Fault analysis for 30% power transfer  
 
 
Fig 5.22 shows the variation of DC line current with respect to fault index when the 
power is at values between 100% to 30%.   
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Fig 5.22 Fault analysis of DC line current for 30%, 50%, 80% and 100% power transfer 
 
 
Three phase AC voltages of VSC1 and VSC2 and corresponding DC side current are 
measured from the VSC HVDC system for twenty one fault types. Then magnitude of 
dq axis voltages of three phase AC voltages of VSC1 and VSC2 are computed.  Based 
on the data obtained from a large number of fault simulation studies, a step by step 
procedure for the development of the FIE is discussed in the next section. 
5.3.4 Development of a fuzzy inference engine for the fault analysis  
 
Fig 5.23 show algorithm and steps to design the FIE for the specified purpose. As per 
the simulation study conducted in the VSC-HVDC system for various types of fault in 
the previous section, a mapping analysis has been conducted between the various input 
parameters such as voltages and currents of VSC1 & 2, DC line voltage and current and 
fault index as step 1 which is shown in Fig 5.23. From the analysis, three parameters 
have been identified as input variables in the fuzzy inference engine to identify twenty 
one possible types of fault (step 2). Twenty one type of fault is represented as seven 
binary bits which results in a decimal equivalent of a fault index. The fault index of 
different faults with respect to the binary representation is discussed in the previous 
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section as given in Table 5.4. Hence seven binary bits representation of the fault index 
is considered as seven output parameters in the fuzzy inference engine.   
 
Fig 5.23 Flow chart for classification algorithm 
A fuzzy inference engine shown in Fig 5.24 is therefore applied to identify different 
faults in the HVDC system.  
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Fig 5.24 Fuzzy inference engine for fault classification 
 
The five range of power transfer are considered in the input (100%, 80%, 65%, 50%, 
30%) to cover the full range of operation possible. The range of membership functions 
for the FIE are identified from 110 (22x5 i.e. 100%, 80%, 65%, 50%, 30%) element 
data obtained through the simulation and analysis of faults on the HVDC system, as 
given in Table 5.6 (step 3 in Fig 5.23) (see Appendix 3 for range of membership 
functions and design of FIE). 
Table 5.6 Fuzzy variable in the antecedent Parts 
 
Variable Center of Triplets 
VdqVSC1 VdqVSC2 Idc 
mf1 0 0 0 
mf2 63 67 125 
mf3 123 140 250 
mf4 175 180 375 
mf5 182 195 500 
mf6 186 200 625 
mf7 240 250 750 
mf8 260 275 875 
mf9 280 295 1000 
mf10 300 320 - 
mf11 330 360 - 
mf12 380 380 - 
 
Hence triangular membership functions of twelve, twelve, and nine has been selected 
for the dq axis voltage of VSC1, dq axis voltage of VSC2 and DC line current 
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respectively for fuzzification. Two membership functions of S-shape and Z-shape are 
selected as the defuzzification membership for all seven output parameters of the FIE to 
represent the two states of the output. This 12 x 12 x 9 input membership used in the 
Fuzzification results in 1296 rules. However 172 valid rules with respect to the input–
output data have been framed from the simulation results obtained from the fault study 
as follows. VdqVSC1 of 374 kV and VdqS2 of 391 kV are observed during the normal 
operation of HVDC system. However according to the power transfer from VSC1 to 
VSC2, 8 valid rules are considered during healthy condition. Ten different faults in the 
VSC1 side results in 80 rules for various power transfer capacity. Similarly, 10 different 
faults in the VSC2 side results in another 80 rules. Based on VdqVSC1 and VdqS2, 4 
valid rules are considered for DC fault. Therefore the total numbers of rules are 172 
(8+80+80+4). The intermediate rules are skipped and the essential rules are listed 
below.   
1. If VdqVSC1 is mf1, VdqVSC2 is mf12 and Idc is mf5 then VSC1 is high, VSC2 is 
low, DC is low, a is high, b is high, c is high and G is high. 
8. If VdqVSC1 is mf5, VdqVSC2 is mf12 and Idc is mf5 then VSC1 is high, VSC2 is 
low, DC is low, a is high, b is high, c is low and G is high. 
32. If VdqVSC1 is mf4, VdqVSC2 is mf12 and Idc is mf7 then VSC1 is high, VSC2 is 
low, DC is low, a is high, b is high, c is low and G is high. 
56. If VdqVSC1 is mf8, VdqVSC2 is mf12 and Idc is mf6 then VSC1 is high, VSC2 is 
low, DC is low, a is high, b is high, c is low and G is low. 
80. If VdqVSC1 is mf10, VdqVSC2 is mf12 and Idc is mf6 then VSC1 is high, VSC2 is 
low, DC is low, a is high, b is low, c is low and G is high. 
104. If VdqVSC1 is mf12, VdqVSC2 is mf1 and Idc is mf4 then VSC1 is low, VSC2 is 
high, DC is low, a is high, b is high, c is high and G is high 
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112. If VdqVSC1 is mf12, VdqVSC2 is mf9 and Idc is mf6 then VSC1 is low, VSC2 is 
high, DC is low, a is high, b is high, c is low and G is low 
136. If VdqVSC1 is mf12, VdqVSC2 is mf6 and Idc is mf5 then VSC1 is low, VSC2 is 
high, DC is low, a is high, b is high, c is low and G is high   
160. If VdqVSC1 is mf12, VdqVSC2 is mf12 and Idc is mf1 then VSC1 is low, VSC2 
is low, DC is high, a is high, b is low, c is low and G is low   
164. If VdqVSC1 is mf12, VdqVSC2 is mf12 and Idc is mf9 then VSC1 is low, VSC2 
is low, DC is low, a is low, b is low, c is low and G is low   
172. If VdqVSC1 is mf12, VdqVSC2 is mf12 and Idc is mf2 then VSC1 is low, VSC2 
is low, DC is low, a is low, b is low, c is low and G is low   
 
Input quantities, VdqVSC1 and VdqVSC2 along with the DC line current are given as the 
input to the FIE. As these quantities are crisp in nature they need to be converted to the 
corresponding fuzzy variables by a fuzzyfication technique. For implementing the FIE 
the “min” implication operator and “max” aggregation operator has been used. After 
fuzzyfication the fuzzified inputs are given to the decision making unit of the FIE. The 
decision making unit decides the fuzzy outputs based on the Mamdani’s rule [109] base 
(172 rules) which are developed based on the simulation study of the HVDC system 
under various faults. To determine the crisp value of the output parameter from the 
fuzzy outputs given by the decision making unit, Maximum Of the Membership (MOM) 
is selected as a defuzzification method in this chapter. As per the considered input and 
output parameters, the number of membership functions, possible rules, and a 
defuzzification method of FIE has been developed using the fuzzy logic toolbox in the 
MATLAB environment.  
The developed FIE has been tested in the fuzzy logic toolbox for sample inputs as 
shown in Fig 5.25 From Fig 5.25, it can be observed that the developed FIE produces 
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the crisp output value of 0.035 for all seven output parameters when the value of input 
parameters of VdqVSC1 = 374 V, VdqVSC2 = 391V and Idc = 940 A of the HVDC 
system which transfer the 100% of the rated power from VSC1 to VSC2.  Hence, these 
results proves that HVDC system does not have any fault for the given sample input 
data.  
 
 
Fig 5.25 FIE rules produce crisp output 
 
Similarly, a FIE has been developed based on the Sugeno method [110] for the same 
input and output parameter used in the Mamdani’s method. A simulation has been 
conducted on both Mamdani’s and Sugeno’s FIE for the fault identification of HVDC 
system for 100% rated power transfer from VSC1 to VSC2 and the results are 
 given in Table 5.7. Mean Squared Error (MSE) has been calculated for the results 
obtained from both methods and MSE is expressed in Eqn. (5.7).  
 
 
127 
 
Mean Squared Error,  
𝑀𝑆𝐸 =  
1
𝑛
 ∑(𝑎𝑖
𝑛
𝑖=1
−  𝑏𝑖)
2                                                                                                   (5.7) 
where n is the number of sample data points, 𝑎𝑖 and 𝑏𝑖  are expected value and 
measured value respectively. A performance comparison based on the MSE proves that 
Mamdani’s FIE gives a small value of 0.7% comparing to Sugeno’s FIE which gives the 
MSE of 2.7%. 
Table 5.7 Simulation result of Mamdani and Sugeno methods for 100% power transfer  
 
s.no 
VSC1 VSC2 DC a b c G 
E M S E M S E M S E M S E M S E M S E M S 
0 0 0.04 0 0 0.04 0 0 0.04 0 0 0.04 0.00 0 0.04 0.00 0 0.04 0.00 0 0.04 0.00 
73 1 0.97 1 0 0.03 0 0 0.03 0 1 0.97 1.00 0 0.03 0.16 0 0.03 0.00 1 0.97 0.84 
69 1 0.97 1 0 0.03 0 0 0.03 0 0 0.03 0.19 1 0.97 0.81 0 0.03 0.19 1 0.97 0.81 
67 1 0.97 1 0 0.04 0 0 0.04 0 0 0.04 0.25 0 0.04 0.25 1 0.97 0.75 1 0.97 1.00 
76 1 0.97 1 0 0.03 0 0 0.03 0 1 0.97 0.76 1 0.97 1.00 0 0.03 0.00 0 0.03 0.24 
70 1 0.98 1 0 0.03 0 0 0.03 0 0 0.03 0.05 1 0.97 0.95 1 0.98 1.00 0 0.03 0.05 
74 1 0.97 1 0 0.04 0 0 0.04 0 1 0.97 0.92 0 0.04 0.00 1 0.97 1.00 0 0.04 0.08 
77 1 0.97 1 0 0.03 0 0 0.03 0 1 0.97 1.00 1 0.97 1.00 0 0.03 0.00 1 0.97 1.00 
71 1 0.97 1 0 0.03 0 0 0.03 0 0 0.03 0.01 1 0.97 1.00 1 0.97 1.00 1 0.97 1.00 
75 1 0.97 1 0 0.03 0 0 0.03 0 1 0.97 0.98 0 0.03 0.02 1 0.97 1.00 1 0.97 1.00 
79 1 0.97 1 0 0.04 0 0 0.04 0 1 0.97 1.00 1 0.97 1.00 1 0.97 1.00 1 0.97 1.00 
16 0 0.03 0 0 0.03 0 1 0.97 1 0 0.03 0.00 0 0.03 0.00 0 0.03 0.00 0 0.03 0.00 
41 0 0.04 0 1 0.97 1 0 0.04 0 1 0.97 1.00 0 0.04 0.00 0 0.04 0.00 1 0.97 1.00 
37 0 0.03 0 1 0.97 1 0 0.03 0 0 0.03 0.05 1 0.97 1.00 0 0.03 0.00 1 0.97 0.95 
35 0 0.04 0 1 0.97 1 0 0.04 0 0 0.04 0.05 0 0.04 0.05 1 0.97 0.95 1 0.97 1.00 
45 0 0.03 0 1 0.98 1 0 0.03 0 1 0.98 1.00 1 0.97 0.98 0 0.03 0.02 1 0.98 0.98 
39 0 0.04 0 1 0.97 1 0 0.04 0 0 0.04 0.00 1 0.97 1.00 1 0.97 1.00 1 0.97 1.00 
43 0 0.04 0 1 0.97 1 0 0.04 0 1 0.97 0.93 0 0.04 0.07 1 0.97 1.00 1 0.97 1.00 
44 0 0.03 0 1 0.97 1 0 0.03 0 1 0.97 1.00 1 0.97 0.86 0 0.03 0.00 0 0.03 0.14 
38 0 0.04 0 1 0.97 1 0 0.04 0 0 0.04 0.01 1 0.97 1.00 1 0.97 1.00 0 0.04 0.01 
42 0 0.03 0 1 0.97 1 0 0.03 0 1 0.97 0.95 0 0.03 0.06 1 0.97 0.95 0 0.03 0.06 
47 0 0.04 0 1 0.97 1 0 0.04 0 1 0.97 1.00 1 0.97 1.00 1 0.97 1.00 1 0.97 1.00 
Percentage Mean squared error of Madani and Sugeno respectively, 0.736 and 2.702 
 
5.3.5 Performance evaluation of the developed FIE 
 
Performance evaluation of the developed fuzzy inference engine has been carried out 
for a large number of fault studies using VSC-HVDC system simulation. Simulation 
studies have been carried out for the power transfer of 100%, 80%, 65%, 50% and 30% 
from VSC1 to VSC2. For each of these power transfer levels all 21 types of faults have 
been applied in the HVDC system. Hence 22x5= 110 different fault studies including 
normal operation have been carried out for the performance evaluation of the proposed 
FIE for fault identification. The output values of different fault types obtained from the 
simulation study of FIE is given in Fig 5.26 to Fig 5.32.  Developed FIE classifies 
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various faults occur in the HVDC system for the 30% power transfer successfully as 
given in Table 5.8. In order to obtain the fault index for various types of faults, output 
values of (0.97 and 0.98) and (0.04 and 0.03) (Table 5.8) produced by the FIE is 
approximated to 1 and 0 respectively. When there is no fault in the HVDC system, for 
example, VdqVSC1= 381kV, VdqVSC2 = 388kV and Idc = 265A for 30% power transfer 
from Source 1 to Source 2, rule 166 is fired in the FIE which results VSC1, VSC2, DC, 
a, b, c and G = 0.03. This value is considered as 0 and therefore binary code of 0 0 0 0 0 
0 0 is 0. This indicates that the developed FIE identifies the healthy condition of the 
HVDC system (see Table 5.8). Similarly, when a double line to ground fault occurs in 
the VSC2 side in line a and b (VdqVSC1= 381kV, VdqVSC2 = 209kV and Idc = 265A), 
rule 136 is fired in the FIE. Hence the output value is S1=0.04, S2=0.97, DC=0.04, 
a=0.97, b=0.97, c=0.04 and G = 0.97 as given in Table 5.17. The value 0.04 is 
considered as 0 and 0.97 is considered as 1. Therefore 0101101 will give the binary 
code 45 which is the fault index of DLG fault at Source 2 side. The other types of fault 
would also indicate by the FIE in a similar fashion depending on the crisp input values. 
Simulation results of the FIE for other faults during different power transfer capacity 
levels has been observed and it is plotted against the fault index as given in Fig 5.26 to 
Fig 5.32. Hence from the results shown in Fig 5.26 to Fig 5.32, it is observed that the 
proposed fault identification technique based on fuzzy logic is capable of determining 
the fault type accurately in most cases.  
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Table 5.8 FIE output corresponding to the 30% power transfer from VSC1 to VSC2 
 
Fault Index VSC1 VSC2 DC La Lb Lc G 
0 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
73 0.97 0.03 0.03 0.97 0.03 0.03 0.97 
69 0.97 0.03 0.03 0.03 0.97 0.03 0.97 
67 0.97 0.03 0.03 0.03 0.03 0.97 0.97 
76 0.97 0.03 0.03 0.97 0.97 0.03 0.03 
70 0.97 0.04 0.04 0.04 0.97 0.97 0.04 
74 0.97 0.04 0.04 0.97 0.04 0.97 0.04 
77 0.97 0.04 0.04 0.04 0.04 0.97 0.97 
71 0.96 0.04 0.04 0.04 0.97 0.96 0.96 
75 0.97 0.04 0.04 0.97 0.04 0.97 0.97 
79 0.97 0.03 0.03 0.97 0.97 0.97 0.97 
16 0.03 0.03 0.98 0.03 0.03 0.03 0.03 
41 0.03 0.97 0.03 0.97 0.03 0.03 0.97 
37 0.04 0.97 0.04 0.04 0.97 0.04 0.97 
35 0.04 0.97 0.04 0.04 0.04 0.97 0.97 
45 0.04 0.97 0.04 0.97 0.97 0.04 0.97 
39 0.04 0.97 0.04 0.04 0.97 0.97 0.97 
43 0.03 0.97 0.03 0.97 0.03 0.97 0.97 
44 0.03 0.97 0.03 0.97 0.97 0.03 0.03 
38 0.04 0.97 0.04 0.04 0.97 0.97 0.04 
42 0.03 0.98 0.03 0.98 0.03 0.98 0.03 
47 0.03 0.97 0.03 0.97 0.97 0.97 0.97 
 
In Fig 5.26 shows the fault index value 0 corresponds to VSC1 is 0.03 as expected from 
Table 5.8.  
 
Fig 5.26 Fault status (VSC1) vs Fault index 
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Fig 5.27 shows the fault index and corresponding fault status of VSC2 for various 
power rating. 
 
Fig 5.27 Fault status (VSC2) vs Fault index   
Fig 5.28 shows the fault index and corresponding fault status of DC for various power 
rating.  
 
Fig 5.28 Fault status (DC) vs Fault index  
Fig 5.29 shows the fault index and corresponding fault status of La (In binary coding 
system bit b3 represents phase A-see Table 5.4) for various power rating. From the 
Table 5.4 the expected value of fault index 77 is 1, but below figure shows nearly 0 at 
30% and 50% power transfer. So this is a misclassification.     
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Fig 5.29 Fault status (La) vs Fault index 
 
Fig 5.30 shows the fault index and corresponding fault status of Lb for various power 
transfer levels. From the table the expected value of the fault index 77 is 1, but the 
below figure shows nearly 0 at 30% and 50% power transfer. This is also 
misclassification.   
 
 
Fig 5.30 Fault status (Lb) vs Fault index  
Fig 5.31 shows the fault index and corresponding fault status of Lc for various power 
rating.  
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Fig 5.31 Fault status (Lc) vs Fault index  
Fig 5.32 shows the fault index and corresponding fault status of G for various power 
rating.  
 
Fig 5.32 Fault status (G) vs Fault index  
The figures from 5.26 to 5.32 is combined and shown as the Fig 5.33: 
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Fig 5.33 Fault status vs Fault index  
The proposed technique has identified the fault type correctly in 108 cases out of 110 
test cases. Only in the case of 30% and 50% power transfer for double line to ground 
fault in phase a and b of VSC1 side (Fault Index = 77), the fault type was identified 
incorrectly as shown in Fig 5.30. However the FIE indicates that the fault occurred in 
the VSC1 side exactly as shown Fig. 5.26. From the simulation results of the FIE shown 
in Fig. 5.26 to Fig. 5.32, it may appear that the accuracy of the proposed method based 
on Fuzzy logic is 99.48% [(110x7-4)/(110x7)x100]. The number 110 is 21 faults and 1 
normal condition under 5 different power variations (22*5) and number 7 is the bit 
VSC1, VSC2, a, b, c, G and number 2 is two cases (2*2 = 4) are misclassified. The 
reason for the inaccuracy in fault identification by the proposed FIE can be inferred as 
follows. The proposed methodology identifies a fault based upon the value of biased dq 
axis voltages of VSC1 & VSC2, and DC line current of the HVDC system. The value of 
VdqVSC1 for the fault index 77 in the above case is 186 kV and 187 kV in 30% and 
50% power transfer respectively. These values matches closely with the voltage value 
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of a single line to ground fault in phase c of VSC1 side as indicated in block letters 
(bold letter) in Table 5.5. An attempt has been made to overcome this problem and a 
modified FIE has been proposed.  
5.3.6 Modified fuzzy inference engine 
 
The schematic diagram of the modified FIE is shown in Fig 5.34. A new dq axis voltage 
which is derived using Park transformation from phase a and b, is introduced as an 
additional input parameter in the modified FIE comparing to the existing FIE as given in 
Equation (5.8) below.  
[
𝑉𝑑𝑉𝑆𝐶1𝑎𝑏𝑏
𝑉𝑞𝑉𝑆𝐶1𝑎𝑏𝑏
𝑉0𝑉𝑆𝐶1𝑎𝑏𝑏
]   =
2
3
   [
𝑆𝑖𝑛𝜃 Sin(𝜃 − 120) 𝑆𝑖𝑛(𝜃 + 120)
𝐶𝑜𝑠𝜃 𝐶𝑜𝑠(𝜃 − 120) 𝐶𝑜𝑠(𝜃 + 120)
1/2 1/2 1/2
]   [
(𝑥) 𝑉𝑎𝑉𝑆𝐶1
(𝑥 + 1)𝑉𝑏𝑉𝑆𝐶1
(𝑥 + 2)𝑉𝑐𝑉𝑆𝐶1
]               (5.8) 
The magnitude of the new dq-axis voltage, VdqVSC1abb of VSC1 is computed as: 
𝑉𝑑𝑞𝑉𝑆𝐶1𝑎𝑏𝑏 = √𝑉𝑑𝑉𝑆𝐶1𝑎𝑏𝑏
2 + 𝑉𝑞𝑉𝑆𝐶1𝑎𝑏𝑏
2
                                                                                                                     (5.9) 
Similarly the magnitude of the new dq-axis voltage, VdqVSC2abb of VSC2 is computed. 
 
 
Fig 5.34 Modified FIE  
The conversion structure of the new dq axis voltage is shown below in Fig 5.35. 
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Fig 5.35 Conversion of voltages through gain block for new Vdqabb 
A simulation study has been conducted for the measurement of the new dq axis voltage 
for various faults and it is plotted against the fault index along with the dq axis voltage 
as shown in Fig 5.36. A comparison between the values of dq axis voltages (Vdq1abc and 
Vdq1abb) with respect to the various faults gives a distinction that will help us to identify 
the faults accurately. Overlapping of dq axis voltage (VdqVSC1abc) occurred in the fault 
index 67 and 77 as the values were close (185 and 182 Table 5.5 highlighted). Now dq 
axis voltage calculated as (VdqVSC1abb) is 197 kV and 0 kV for the fault index 67 and 
77 respectively. When a FIE is developed based on both the dq axis voltage 
(VdqVSC1abc & VdqS1abb) as input parameters is applied, then it identifies the fault with 
the accuracy of 100%.  
 
Fig 5.36 Modified dq axis voltage  
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The scatter plot of the dq axis voltage VdqVSC1abc, VdqVSC2abc and VdqVSC1abb, 
VdqVSC2abb observed from the simulation are shown in Fig 5.37. From Fig 5.37 it can 
be observed that the dq axis voltage VdqVSC1abc & VdqVSC2abc has six ranges and 
VdqVSC1abb & VdqVSC2abb has five ranges of values. Hence the number of possible 
rules in the modified FIE is 6x5x6x5x5=4500. By considering an additional two input 
parameters i.e., VdqVSC1abb and VdqVSC2abb, based on input- output data, 93 valid rule 
base of the FIE is modified as follows: According to the power transfer from Source 1 
to Source 2, 8 valid rules are considered during healthy condition. Ten different faults in 
the Source 1 side results in 4 rules for each fault for various power transfer capacity 
leading to 40 rules. Similarly 10 different faults in the Source 2 side results in another 
40 rules. Based on VdqVSC1 and VdqVSC2, 5 valid rules are considered for the DC 
fault. Therefore the total numbers of rules are 93 (8+40+40+5). 
1. If VdqVSC1abc is mf1, VdqVSC1abb is mf1, VdqVSC2abc is mf6, VdqVSC2abb is 
mf5 and Idc is mf5 then VSC1 is high, VSC2 is low, DC is low, a is high, b is high, c is 
high and G is high. 
13. If VdqVSC1abc is mf4, VdqVSC1abb is mf1, VdqVSC2abc is mf6, VdqVSC2abb is 
mf5 and Idc is mf2 then VSC1 is high, VSC2 is low, DC is low, a is high, b is high, c is 
low and G is high. 
37. If VdqVSC1abc is mf4, VdqVSC1abb is mf5, VdqVSC2abc is mf6, VdqVSC2abb is 
mf5 and Idc is mf2 then VSC1 is high, VSC2 is low, DC is low, a is low, b is low, c is 
high and G is high. 
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Fig 5.37 Scattering plot of dq axis voltages   
5.3.7 Discussion of Results  
 
A simulation platform of the modified FIE has been developed using the fuzzy logic 
toolbox of the MATLAB/Simulink platform by incorporating all modification proposed 
above. Table 5.9 shows the output performance of a modified five-input FIE compared 
to the three-inputs FIE for the fault index 77. It is seen that both for the range of 50% 
and 30% power flow conditions, there are no issues with mis-identification of faults.   
 
For the final evaluation of the efficacy of the designed FIE, a new power transfer 
condition was considered, which was not part of the preparatory data set for the design 
of the FIE. For this condition 70% power transfer from Source 1 to Source 2 is chosen 
arbitrarily. It can be found from Table 5.10, that the FIE has achieved 100% accuracy 
for all types of fault detection and classification. It is to be noted that the values less 
than 0.5 considered as equivalent to binary digit 0 and values above 0.5 is considered as 
equivalent to binary digit 1. These results prove that the modified FIE identifies all the 
faults happening in the HVDC system successfully including the Fault Index 77 which 
was incorrectly identified in the previous case.  Hence, the results of the modified FIE 
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shows 100% [(110x7)/(110x7)x100] accuracy for all the tested input data for fault 
identification in the VSC-HVDC system.  
 
Table 5.9 Performance of modified FIE on fault index 77 
   50% 
 
30% 
Expected Value 
 
FIE Modified FIE FIE Modified FIE 
VSC1 1 0.96 0.9 0.96 0.9 
VSC2 0 0.03 0 0.03 0 
DC 0 0.03 0 0.03 0 
La 1 0.03 0.9 0.03 0.9 
Lb 1 0.03 0.9 0.03 0.9 
Lc 0 0.96 0 0.96 0 
G 1 0.96 0.9 0.96 0.9 
  
Table 5.10 Performance evaluation of modified FIE for 70 % power transfer 
E : Expected,  M : Measured                             Modified FIE output for 70% Power Transfer from Source 1 to Source 2 
  VSC1 VSC2 DC a b c G 
Faults Fault 
Index 
E M E M E M E M E M E M E M 
Healthy 0 0 0.04 0 0 0 0 0 0.04 0 0 0 0.04 0 0 
La-G 73 1 0.9 0 0 0 0 1 0.9 0 0 0 0 1 0.9 
Lb-G 69 1 0.9 0 0 0 0 0 0.02 1 0.9 0 0 1 0.9 
Lc-G 67 1 0.9 0 0 0 0 0 0.08 0 0 1 0.9 1 0.9 
La-Lb 76 1 0.9 0 0 0 0 1 0.9 1 0.9 0 0 0 0 
Lb-Lc 70 1 0.9 0 0 0 0 0 0.26 1 0.73 1 0.9 0 0.2 
La-Lc 74 1 0.9 0 0 0 0 1 0.6 0 0.3 1 0.68 0 0.4 
La-Lb-
G 
77 
1 0.9 0 0 0 0 1 0.9 1 0.9 0 0 1 0.9 
Lb-Lc-
G 
71 
1 0.9 0 0 0 0 0 0 1 0.9 1 0.9 1 0.9 
La-Lc-
G 
75 
1 0.9 0 0 0 0 1 0.8 0 0.1 1 0.9 1 0.9 
La-Lb-
Lc-G 
79 
1 0.9 0 0 0 0 1 0.9 1 0.9 1 0.9 1 0.9 
DC 16 0 0 0 0 1 0.9 0 0 0 0 0 0 0 0 
La-G 41 0 0 1 0.75 0 0 1 0.75 0 0 0 0.2 1 0.7 
Lb-G 37 0 0 1 0.9 0 0 0 0.1 1 0.8 0 0 1 0.9 
Lc-G 35 0 0 1 0.9 0 0 0 0.1 0 0 1 0.9 1 0.8 
La-Lb-
G 
45 
0 0 1 0.9 0 0 1 0.9 1 0.9 0 0 1 0.9 
Lb-Lc-
G 
39 
0 0 1 0.9 0 0 0 0 1 0.9 1 0.9 1 0.9 
La-Lc-
G 
43 
0 0 1 0.9 0 0 1 0.8 0 0.1 1 0.9 1 0.8 
La-Lb 44 0 0 1 0.9 0 0 1 0.8 1 0.9 0 0 0 0.1 
Lb-Lc 38 0 0 1 0.9 0 0 0 0.1 1 0.6 1 0.9 0 0.3 
La-Lc 42 0 0 1 0.9 0 0 1 0.6 0 0 1 0.9 0 0.3 
La-Lb-
Lc-G 
47 
0 0 1 0.9 0 0 1 0.9 1 0.9 1 0.9 1 0.9 
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A complete simulation of the modified FIE has been conducted for the identification of 
a different fault for the power transfer of 100%, 80%, 65%, 50% and 30% from VSC1 
to VSC2 of the HVDC system and the simulation results are shown in terms of the MSE 
in Fig 5.38.  The value of the MSE is slightly high in the modified FIE comparing to the 
existing FIE, because of the number of memberships used in the fuzzification process. 
In the existing FIE, the number of membership in the fuzzification in the dq axis voltage 
of VSC1, VSC2 and DC current are respectively 12, 12 and 9, which results in 172 
valid rules. However, in the modified FIE, number of membership in the fuzzification in 
VdqVSC1abc, VdqVSC1abb, VdqVSC2abc, VdqVSC2abb and Idc are 6, 5, 6, 5 and 5, which 
results 93 rules. By considering members in the modified FIE, it is possible to improve 
the accuracy of the modified FIE up to the level of the existing FIE. Moreover the 
number of rules in the FIE will increase accordingly and it will introduce further delay 
in the computation time.     
 
Fig. 5.38 Performance chart of modified FIE   
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[(110x7)/(110x7)x100] accuracy for all the tested input data for fault identification.
  
In this work, it has been assumed that all of the measured fault values are free from 
noise or error. However, in a real time system, the measured signals are quite likely to 
be noisy. An investigation of the effect of measurement noise on the accuracy of such a 
technique has been presented in [89]. In the proposed technique, it has been assumed 
that the measured sampled values are corrupted with measurement noise. The noise has 
been assumed to be Gaussian in nature with zero mean and known standard deviation. 
From the results, it is observed that even in the presence of noise with a standard 
deviation of 25%, the accuracy of the proposed methodology in [89] remains intact. As 
modern available meters are quite accurate, it can be said that the measurement noise 
does not affect the accuracy of the proposed technique. 
Only three measurements (three phase voltages of VSC1, three phase voltages of VSC2 
and current of DC line) are sufficient for the implement of the proposed technique for 
the fault identification of the HVDC system. Voltage and current signals of the HVDC 
system are easily accessible in the simulation environment. However, practical 
feasibility of the  voltages of phase a, phase b and phase c of VSC1and VSC2 and DC 
line current obtained from the simulation for the fault identification using the developed 
FIE has not been addressed in this section due to the unavailability of fault data from the 
field. Nevertheless as the fault simulation study have been carried out in the established 
model of HVDC system available in MATLAB/ Simulink software, it can be expected 
that the performance of the proposed strategy for fault identification of the HVDC 
system would remain close to the same level as that presented in this chapter.    
This section 5.3 discussed about a novel fault identification and classification strategy 
based on Fuzzy logic for the VSC-HVDC system.  
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1. dq axis voltages of VSC1 and VSC2 using the Park transformation from the biased 
input voltages of phase a, b and c and DC line current has been used for the fault 
classification. 
2. Development of the FIE with three input and seven output parameters results in  
99. 47% accuracy.  
3. The modified FIE is proposed with five input and seven output parameters to 
achieve 100% accuracy.  
 
5.4 Summary 
 
 
The research work proposed in this chapter for the identification and classification of 
different faults that can occur in a VSC HVDC system with the help of a fuzzy logic 
method has been successfully completed.  In section 5.2 a fault identification strategy 
based on fuzzy logic for a single side of VSC – HVDC system is proposed. The dq – 
axis voltage and current signals which are computed using Park transformation from the 
VSC1 side, are utilized as the input parameter in the FIE to identify the fault types. 
Simulation results prove that the developed FIE identifies the AC faults occurring in the 
VSC1 side and DC fault successfully. The developed FIE identifies different faults of 
the HVDC system based on the measured dq - axis voltage and current from the VSC1 
side. However, it could not identify the line in which fault has occurred. Hence, to 
classify the faults occurring in either AC side of the HVDC system, the FIE has to be 
restructured with appropriate data input. The development of a FIE which identifies 
different types of fault and the corresponding line where the fault occurs, is successfully 
proposed in section 5.3. Initially the developed FIE with three input and seven output 
parameters results 99.47% accuracy has been achieved. But after the modified FIE with 
five inputs and seven output parameters 21 type of faults has been successfully 
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classified with 100% accuracy in the VSC HVDC system. Finally identification and 
classification of different faults in VSC-HVDC system using fuzzy logic approach has 
been successfully completed in less than or equal to half cycle of the input signal.  
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Chapter 6 
Fault analysis of Multi-Terminal HVDC system 
 
 
6.1 Introduction 
 
In Chapter 5, a fault identification and classification of a VSC HVDC system using the 
fuzzy logic method was proposed. From the motivation of Chapter 5, for a validation 
purpose a similar strategy is applied to the MTDC for the identification and 
classification of different faults which will be discussed here. As mentioned in the 
literature review in Chapter 2, the main application of the MT- HVDC system is in the 
offshore side. Therefore fault analysis of the AC side of the wind turbine needs to be 
addressed. The objective of this chapter is focused on fault identification and 
classification of a multi terminal HVDC system, specifically the two wind turbine side 
of the four terminal MTDC network. Each wind farm is represented here by one wind 
turbine. 
In section 6.2 a fuzzy logic based approach to the fault analysis of a MTDC is 
explained. The technique needs six input measurements of voltage and current at wind 
turbine 1 and 2 side to achieve 100% accuracy. This section discussed the fault 
classification methodology, preparation of index table, construction of fuzzy inference 
engine and, in section 6.3, discussion of results. 
6.2 Fault analysis of MTDC using Fuzzy 
 
A fuzzy inference engine based identification and classification of different faults that 
can occur in the wind farm side of the MTDC system is developed in this section. To 
develop the FIE the data has been taken from the MTDC system which is based on a 
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four terminal VSC based model. This is a low voltage model of a proposed MTDC 
system which was developed as part of an individual project. This section considered 
six inputs including voltage and current signal from wind farm sides.  These signals 
from the wind farms represented as ‘WT1’, and ‘WT2’ side respectively. All possible 
types of faults (e.g., La-G, Lb-G, Lc-G, La -Lb-G, La -Lc-G, Lb -Lc-G, La-Lc, Lb-Lc, La-Lc,  
La -Lb -Lc-G) from wind turbine 1 side and (e.g., La-G, Lb-G, Lc-G, La -Lb-G, La -Lc-G, 
Lb -Lc-G, La-Lc, Lb-Lc, La-Lc, La -Lb -Lc-G) from wind turbine 2 side that can be 
expected in the MTDC system are considered in this section. The developed FIE has 
been tested with different power variation from the wind farm 1 side and wind farm 2 
sides to the master and slave grid. The MTDC model is shown in Fig 6.1[111]. 
 
Fig 6.1 MTDC model [111] 
 
The system consists of two wind farms which are connected to two grid sides through 
the DC cable. From the wind turbine side, WT1 and WT2 are transferring power are 
1050 W and 950 W respectively. The DC voltage has been set at 400V. This model has 
been implemented in the MATLAB/ Simulink software environment. 
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6.2.1 Fault classification methodology 
 
 The voltages and currents from the wind turbines are considered as the input signals to 
the FIE. The dq – axis voltages and current of the wind turbines are derived from the 
voltage and current signals of phase a, b and c using the Park transformation. All the 
procedures are the same as these explained in Chapter 5, section 5.3.1. The equations 
(5.3), (5.4), (5.5), (5.6), (5.8) and (5.9) in Chapter 5 are applicable for generating data. 
Gains of x, x+1 and x+2 are used for the wind turbines voltages and currents of phase 
A, phase B and phase C respectively. Similarly a measurement of new dq axis voltages 
from the voltages of phase A, B, and B for the power transfer from the wind turbines of 
the MTDC system during various fault conditions.  These gains help to derive three 
distinct values of dq axis voltages during single line to ground fault (or any of the fault) 
occurring at phase A, phase B and phase C in different instants. In this simulation study 
the design value of gain (x, x+1 and x+2) are assumed arbitrarily as 1, 2 and 3 
respectively (i.e. x=1). The complete structure of the conversion is shown in Fig 6.2, Fig 
6.3 and 6.4.  
 
Fig 6.2 Conversion of voltages through gain block for VdqWTabc 
146 
 
 
Fig 6.3 Conversion of voltages through gain block for VdqWTabb 
 
 
Fig 6.4 Conversion of voltages through gain block for IdqWTabc 
 
Case study: single line to ground fault at phase a in WT1 side 
For a case study, simulation has been conducted for the verification of the above 
statement by introducing a single line to ground fault in phase a at wind farm1 of the 
MTDC system, and three phase voltages measured from phase a, b & c and their dq axis 
voltages and current for wind turbine 1 are (VdqWT1abc), (VdqWT1abb) and (IdqWT1abc) 
and for wind turbine 2 are (VdqWT2), (VdqWT2abb) and (IdqWT2abc) are shown in Fig 
6.5- 6.7.  In this case the study fault initialisation time is 6-6.2 sec. (fault initialised only 
after the model is reached normal) and all graphs are shown between 5 sec. to 7 sec.  In 
Fig 6.5 the magnitude of the dq voltage for VdqWT1abc has been taken at the instant of 
0.01 sec. after the fault initialisation. This dq value is 418. The second data has been 
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taken for VdqWT1abb from Fig 6.6 is 230. The third dq value from wind turbine 1 is 
shown in Fig 6.7 is 31. Similarly the other three data has been taken from wind turbine 
2 sides for VdqWT2abc, VdqWT2abb and IdqWT2abc. These different magnitudes of voltage 
and current will help to generate different data for the Fuzzy Inference Engine.  
 
Fig 6.5 Output waveform of the MTDC system during single line to ground fault at 
phase a in wind turbine 1 side (VdqWT1abc) 
 
 
 
 
 
 
Fig 6.6 Output waveform of the MTDC system during single line to ground fault at 
phase a in wind turbine 1 side (VdqWT1abb)  
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Fig 6.7 Output waveform of the MTDC system during single line to ground fault at 
phase a in wind turbine 1 side (IdqWT1abb)  
 
6.2.2 Preparation of index table 
 
 
In order to represent the fault type which occurs in the MTDC system correctly, a binary 
coding system has been developed. In this coding system a six bit binary number (b5 b4 
b3 b2 b1 b0) is used to represent 20 types of fault in the MTDC system. Bit b5 
represents wind turbine 1 (WT1), bit b4 represents wind turbine 2 (WT2), bit b3 
represents phase a (La), bit b2 represents phase b (Lb), bit b1 represents phase c (Lc), 
bit b0 represents ground (G). States of bit 0 represent the healthy condition and 1 
represents a faulty condition. Thus for a single line to ground fault at wind farm 1 side 
the value would be 101001 which is represented as a Fault Index 41 in decimal 
equivalent. Similarly this six bit binary number represents other types of fault occurring 
in the MTDC system as given in Table 6.1. 
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Table 6.1 Fault index table for various faults in the HVDC System 
 
b5 b4 b3 b2 b1 b0 
  
  
  
WT1 WT2 La Lb Lc G Fault Index Faults Side 
0 0 0 0 0 0 0 Healthy   
1 0 1 0 0 1 41 La-G   
1 0 0 1 0 1 37 Lb-G   
1 0 0 0 1 1 35 Lc-G   
1 0 1 1 0 0 44 La-Lb WT1 
1 0 0 1 1 0 38 Lb-Lc 
 
1 0 1 0 1 0 42 La-Lc 
 
1 0 1 1 0 1 45 La-Lb-G Side 
1 0 0 1 1 1 39 Lb-Lc-G   
1 0 1 0 1 1 43 La-Lc-G   
1 0 1 1 1 1 47 La-Lb-Lc-G   
0 1 1 0 0 1 25 La-G   
0 1 0 1 0 1 21 Lb-G   
0 1 0 0 1 1 19 Lc-G   
0 1 1 1 0 1 29 La-Lb-G WT2 
0 1 0 1 1 1 23 Lb-Lc-G 
 
0 1 1 0 1 1 27 La-Lc-G 
 
0 1 1 1 0 0 28 La-Lb Side 
0 1 0 1 1 0 22 Lb-lc   
0 1 1 0 1 0 26 La-Lc   
0 1 1 1 1 1 31 La-Lb-lc-G   
 
6.2.3 Power transfer table of fault data 
 
 
Simulation study has been conducted by introducing different faults in the MTDC 
system for power transfer from wind turbine 1, wind turbine 2 are 1050 W and 950 W 
respectively to the master grid and slave grid.  For example when single line to ground 
fault at the wind turbine 1 side experiences at 6-6.2 second in the phase a and phase b, 
the fault index is 41 and 37 respectively. After the simulation the data is taken at 6.01 
second. So for phase a the dq axis voltages of wind turbine 1 & wind turbine 2 and dq 
axis current with respect to the fault index are 418, 230 and 31. Similarly for phase b the 
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dq axis voltages of wind farm 1 and wind farm 2 and dq axis current with respect to the 
fault index are 432, 185 and 18.5. Table 6.2 gives the complete data table for power data 
transfer (WT1= 1050 W, WT2=950 W). 
Table 6.2 MTDC fault data power transfer (WT1=1050 W, WT2=950 W) 
 
Fault 
Index 
VdqWT1abc 
(V) 
VdqWT1abb 
(V) 
IdqWT1abc 
(A) 
VdqWT2abc 
(V) 
VdqWT2abb 
(V) 
IdqWT2abc 
(A) 
0 509 280 11.4 512 281 10.9 
41 418 230 31 511 281 10.9 
37 432 185 18.5 511 281 10.9 
35 364 255 39 512 281 10.9 
44 460 161 30.5 512 281 10.9 
38 366 236 33 512 281 10.9 
42 371 233 51 511 281 10.9 
45 362 140 31 512 281 10.9 
39 298 183 34 512 281 10.9 
43 328 214 45 512 281 10.9 
47 254 141 42.5 512 281 10.9 
25 509 280 11.4 419 231 31.4 
21 509 280 11.4 434 185 18.7 
19 509 280 11.4 367 257 38 
29 509 280 11.4 412 162 31 
23 509 280 11.4 368 238 32 
27 509 280 11.4 373 234 51 
28 509 280 11.4 364 140 31.2 
22 509 280 11.4 298 184 33.5 
26 509 280 11.4 330 215 44.8 
31 509 280 11.4 256 141 41.8 
 
 
Similarly the fault analysis has been conducted in the MTDC system for various values 
of the power transfer capacity from wind farm 1 & wind farm 2 (WT1= 800 W, 
WT2=650 W) and the fault data is presented in Table 6.3.  
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Table 6.3 MTDC Fault Data Power Transfer (WT1=800 W, WT2=650 W) 
 
Fault 
Index 
VdqWT1abc VdqWT1abb IdqWT1abc VdqWT2abc VdqWT2abb IdqWT2abc 
0 514 282 10.5 516 283 10.2 
41 419 232 30 515 283 10.2 
37 433 186 18 515 283 10.3 
35 365 257 38 515 283 10.2 
44 461 162 30 515 283 10.3 
38 365 237 32 515 283 10.3 
42 372 234 50 515 283 10.3 
45 364 141 30 515 283 10.2 
39 299 184 33 515 283 10.2 
43 329 215 44 515 283 10.2 
47 255 142 42 515 283 10.2 
25 510 281 11 420 232 31 
21 510 281 11 435 186 18 
19 510 281 11 368 256 37 
29 510 281 11 414 164 30 
23 510 281 11 368 235 31 
27 510 281 11 375 237 50 
28 510 281 11 366 142 31 
22 510 281 11 298 185 33 
26 510 281 11 332 217 44 
31 510 281 11 257 140 41 
 
6.2.4 Construction of fuzzy inference engine  
 
As per the simulation study conducted in the previous section, six parameters have been 
identified as input variables in the fuzzy inference engine to identify twenty possible 
types of fault which can occur in the MTDC system. Twenty types of fault is 
represented as six binary bits which results in a decimal equivalent of a fault index. The 
fault index of different faults with respect to the binary representation is discussed in the 
previous section as given in Table 6.1. Hence a six binary bits representation of the fault 
index is considered as six output parameters in the fuzzy inference engine.  A fuzzy 
inference engine shown in Fig 6.8 is therefore put forward to identify different faults in 
the MTDC system.  
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Fig 6.8 Fuzzy inference engine for fault classification of MTDC 
 
The range of membership functions for the FIE are identified from data obtained 
through the simulation on fault analysis of the MTDC system, as given in Table 6.4.  
 
Table 6.4 Fuzzy Variable in the Antecedent Parts for MTDC 
 
Variable Center of Triplets 
VdqWT1 
(V) 
VdqWT2 
(V) 
IdqWT1 
(A) 
VdqWT2 
(V) 
VdqWT2 
(V) 
IdqWT2 
(A) 
mf1 0 0 0 0 0 0 
mf2 255 140 11.4 255 140 11.4 
mf3 300 160 18.5 300 160 18.5 
mf4 330 185 32 330 185 32 
mf5 365 215 42 365 215 42 
mf6 425 233 51 425 233 51 
mf7 460 255  460 255  
mf8 510 280  510 280  
 
Hence triangular membership functions of eight, eight, and six has been selected for dq 
axis voltage and dq axis current respectively for fuzzification of wind farm 1. Similarly 
this is also carried out for wind farm 2 side as well. The range of selection of data is 
shown in Fig 6.9, 6.10 and 6.11.  
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Fig 6.9 Range of memberships for Vdqabc of WT1 and WT2 
 
Fig 6.10 Range of memberships for Vdqabb of WT1 and WT2 
 
 
Fig 6.11 Range of memberships for Idqabc of WT1 and WT2  
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Two membership functions of S- shape and Z- shape are selected as the Defuzzification 
membership for all six output parameters of the FIE to represent the two states of the 
output. This 8 x 8 x 6 x 8 x 8 x 6 input membership used in the Fuzzification results in 
147456 rules.  However 24 valid rules with respect to the input–output data have been 
framed from the simulation results obtained from the fault study as follows. Few valid 
rules are listed below and rest in Appendix 4.   
1. If (VdqWT1abc is mf8) and (VdqWT1abb is mf8) and (IdqWT1abc is mf1) and 
(VdqWT2abc is mf8) and (VdqWT2abb is mf8) and (IdqWT2abc is mf1) then (W1 is 
mf1)(W2 is mf1)(a is mf1)(b is mf1)(c is mf1)(G is mf1)  
2. If (VdqWT1abc is mf8) and (VdqWT1abb is mf8) and (IdqWT1abc is mf2) and 
(VdqWT2abc is mf8) and (VdqWT2abb is mf8) and (IdqWT2abc is mf1) then (W1 is 
mf1)(W2 is mf1)(a is mf1)(b is mf1)(c is mf1)(G is mf1)  
The developed FIE has been tested in the fuzzy logic toolbox for sample inputs as 
shown in Fig 6.12 From Fig 6.12, it can be observed that the developed FIE produces 
the crisp output value of 1 for all six output parameters when the value of input 
parameters of VdqWT1abc = 509V, VdqWT1abb = 280V, IdqWT1abc = 11.4A, 
VdqWT2abc = 256V, VdqWT2abb = 141V, IdqWT2abc = 41.8A of the MTDC system.  
Hence, these results confirm that MTDC system has a La-Lb-Lc-LG fault at the wind 
farm 2 side for the given sample input data.  
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Fig 6.12 FIE rules produce crisp output for MTDC 
 
6.3 Results with discussion 
 
Performance evaluation of the developed fuzzy inference engine has been carried out 
for a large number of fault studies using MTDC system simulation in the 
MATLAB/Simulink platform. Simulation studies have been carried out for the various 
power transfer of WT1 = 1050 W and WT2 = 950 W, WT1 = 800 W and WT2 = 650 
W, WT1 = 500 W and WT2 = 350 W from wind farm 1 and wind farm 2 to the master 
and slave grid. For each of these power transfer levels all 20 types of faults have been 
applied in the HVDC system. Hence 21x3 = 63 different fault studies including normal 
operation have been carried out for the performance evaluation of the proposed FIE for 
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fault identification of the MTDC system. Fault analysis has been conducted in the 
MTDC system for the power transfer capacity from wind turbine 1 and wind turbine 2 
(WT1= 500 W, WT2=350 W) and fault data is presented in Table 6.5.    
Table 6.5 MTDC Fault Data Power Transfer (WT1=500 W, WT2=350 W)  
 
Simulation results of the FIE for all faults during different power transfer levels from 
wind farm 1 and wind farm 2 of the MTDC system has been observed and it is plotted 
against the fault index as given in Fig 6.13. Hence from the results shown in Fig 6.13, it 
is observed that the proposed fault identification and classification technique based on 
fuzzy logic is capable of determining the fault type accurately in all cases.  
Fault 
Index 
VdqWT1abc 
(V) 
VdqWT1abb 
(V) 
IdqWT1abc 
(A) 
VdqWT2abc 
(V) 
VdqWT2abb 
(V) 
IdqWT2abc 
(A) 
0 515 284 10 516 284 9.8 
41 425 234 29 516 284 9.8 
37 437 187 17 516 284 9.8 
35 369 258 37 516 284 9.9 
44 465 164 29 516 284 9.9 
38 369 238 31 516 284 9.9 
42 376 237 49 516 284 9.9 
45 368 143 29 516 284 9.9 
39 301 186 32 516 284 9.9 
43 333 217 43 516 284 9.9 
47 258 144 42 516 284 9.9 
25 512 284 10 421 235 30.4 
21 512 285 10 436 187 16.7 
19 512 284 10 368 258 36 
29 512 284 10 415 164 30 
23 512 284 10 369 240 30 
27 512 284 10 377 236 50 
28 512 284 10 366 143 30.2 
22 512 284 10 300 186 30.5 
26 512 284 10 332 218 43.8 
31 512 284 10 257 144 40.8 
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Fig 6.13 Fault index vs Fault status for MTDC 
6.4 Summary 
 
The research work proposed in this chapter for the identification and classification of 
different faults that can occur in multi terminal HVDC systems with the help of the 
fuzzy logic method has been successfully completed. The dq – axis voltage and current 
signals which are computed using the Park transformation from the wind turbine 1 and 
wind turbine 2 side, are utilized as the input parameter in the FIE to identify the fault 
types. Simulation results prove that the developed FIE identifies and classifies 20 types 
of AC faults occurring in the wind turbine 1 sides and wind turbine 2 sides successfully.  
In this chapter, 6 input parameters has been considered as the input of the FIE. These 
inputs are designed based on the successful completion of the identification and 
classification of faults in Chapter 5. Therefore to avoid the repetition of some work the 
following points needs to be mentioned here: 
 The MTDC model considered a system consists of two wind farm and grid 
nodes. 
 This Chapter considered faults identification and classification only in the two 
wind farm sides. This means that the developed fuzzy inference engine (FIE) 
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was applied to wind turbine 1 and wind turbine 2 only. It is a considerably 
greater tasks to develop one FIE which will detect all the faults at the wind 
farms, the DC sides (all DC cable) and Grid sides (master and slave).  
 Therefore Chapter 6 does not consider grid side faults and DC cable faults. 
 For example to develop an FIE for DC faults consideration, the idea is the same 
as applied on the wind farm side. It is required to identify the different current in 
each line (or location) and draw the scattering plot. From this plot it is possible 
to identify which parameter needs to be fed into the FIE. After that, appropriate 
rules needs to be added to the fuzzy inference engine (FIE) 
 Therefore identification and classification of DC faults and grid side faults in the 
MTDC system is proposed as future work 
 
. 
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 Chapter 7  
Conclusions and Future Work 
 
 
7.1 Introduction 
 
The main objective of this research was to completely detect and classify different faults 
in a HVDC system. The following developments have been achieved through this 
research. 
The impact of this research is the safe operation of AC-DC systems which require 
monitoring of appropriate system signals and accurate and rapid classification of any 
perturbations so that protective control decisions can be made. In the case of fast acting 
HVDC transmission, such decisions must often be made within tens of milliseconds to 
guarantee safe operation from disturbances such as AC and DC faults. For the better 
protection of the HVDC system, detection and classification of the faults are absolutely 
essential. Speed of detection of any fault event would be a key feature to ensure 
protection of the overall system.  
From Chapter 3, this research shows the importance of wavelet transformation in the 
fault analysis of HVDC systems. Wavelet transformation effectively proved that it can 
detect the abrupt changes of the signal which is indicative of a fault. The DC faults at 
various distances and AC faults on the rectifier side have been considered in this study. 
The DC line current is chosen as the input of the wavelet transform. Then 5th level 
coefficients have been used to detect the various faults in the LCC HVDC system. 
Moreover the value of the coefficient has been used for the classification of the different 
faults. For more accurate classification, the wavelet entropy principle has been applied 
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to different signals and classified faults in the HVDC system. The summary of Chapter 
3 shows that it is possible to detect and classify different faults in the HVDC system 
using wavelet transformation.  
After the first phase of this research of using the wavelet transform approach, the 
objective of the study has been expanded in Chapter 4. Therefore an extensive study 
using the ANN approach has been considered in the second phase. Detection and 
classification of different faults that can occur in LCC HVDC system with the help of 
artificial neural network (ANN) has been successfully completed.  A challenging task of 
this work is to develop an appropriate ANN algorithm with good trade-off between 
selection of a large data sample for fault detection as the input parameter (DC link 
current) and the number of neurons for training in the hidden layers. After detailed 
investigation an algorithm was developed that provided the trade-off with large input 
data size and minimal number of neurons without compromising the accuracy. The 
claim was confirmed by the results provided for various fault conditions and its 
corresponding ANN output relating to firing angle, which confirms the specific fault 
detection and its classification.  
The ANN approach have been successful in determining the correct fault type, but the 
main disadvantage of the ANN is that it requires a considerable amount of training 
effort for accurate performance. If the input data set is more accurate the neural network 
will give better results. Therefore a fault detection and classification strategy based on 
fuzzy logic for a VSC1 side of the VSC – HVDC system is proposed in Chapter 5. The 
dq – axis voltage and current signals which are computed using Park transformation 
from the VSC1 side, are utilized as the input parameters in the FIE to identify the fault 
types. Simulation results prove that the developed FIE identifies the AC faults occurring 
in the VSC1 side and DC fault successfully. The developed FIE identifies different 
faults of the HVDC system based on the measured dq - axis voltage and current from 
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the VSC1 side. However, it could not identify the line in which the fault has occurred. 
Hence, to classify the faults occurring on either AC side of the HVDC system, the FIE 
has to be restructured with appropriate data input. Therefore the development of a FIE 
which identifies different types of fault and the corresponding line where the fault 
occurs, successfully proposed in this research. Initially the developed FIE with three 
input and seven output parameters results in 99.47% accuracy. But after the modified 
FIE with five inputs and seven output parameters 21 type of faults has been successfully 
classified with 100% accuracy in the VSC-HVDC system. The summary of Chapter 5 
shows that the detection and classification of different faults in the VSC-HVDC system 
using fuzzy logic approach has been successfully completed in less than or equal to a 
half cycle of the input signal. 
After the successful completion of the fuzzy logic approach, the detection and 
classification of different faults that can occur in a multi terminal HVDC system with 
the help of the fuzzy logic method has been successfully proposed in Chapter 6. The dq 
– axis voltage and current signals from the wind farms are utilized as the input 
parameter in the FIE to identify the fault types. Simulation results prove that the 
developed FIE detects and classifies 20 types of AC faults occurring in the wind farm 
sides successfully.  
As mentioned earlier three different approaches have been applied to the fault detection 
and classification of HVDC system fault analysis. The wavelet approach is a powerful 
technique for fault analysis. Moreover, computationally the wavelet approach is 
complicated. The second approach investigate the ANN based method. The main 
difficulties here are the training effort including preparation of data and the training 
time. Finally the fuzzy logic approach has been applied. Compared to the wavelet and 
ANN, the fuzzy logic is based on some linguistic rule (these kind of rules will help to 
classify the HVDC fault signals) based approaches. The framing of the rule will 
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determine the accuracy of the system. This approach is basically focusing on the 
clustering of the data set. Therefore in this research, fault detection and classification of 
different faults in the HVDC system, the fuzzy logic method gives better and more 
accurate results. So the objective of this research has been achieved through fuzzy logic 
methods.  
7.2 Future work 
 
Multiple insights were gained while conducting the research and there are several 
important points which can be further investigated but could not be included in the 
scope of this research work. The following issues have been identified as possible topics 
of work for the future in this area: 
1. Multi-wavelets possess better properties than traditional wavelets [112]. 
Therefore multi-wavelet packet entropy can be applied to the fault identification 
and classification of HVDC systems 
2. VSC-HVDC fault analysis using ANN can be proposed as future work 
3. Different types of neural networks such as radial basis function (RBF) and S-
transform based ANN classifier can be considered as future work 
4. ANN training data set can be prepared by using wavelet coefficients so that fault 
classification can be investigated 
5. In this research based on wavelet, ANN and fuzzy logic. The impact of noise on 
each of these approaches can be investigated. 
6. The combination of wavelet, ANN and fuzzy approach can be considered for the 
online fault detection and classification in HVDC system fault analysis 
7. In MTDC fault analysis only the wind farm side has been considered. DC fault 
analysis is proposed as future work 
8. In this research, the input signal data has been taken from the Matlab model. The  
methods could be validate using practical data from a model, scaled system. 
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Appendix 1 
Wavelet Entropy 
Principles of wavelet entropy 
Given a discrete signal X(n), being fast transformed at instant k and scale j, it has a 
high-frequency component coefficient 𝐷𝑗(𝑘) and a low-frequency component 
coefficient 𝐴𝑗(𝑘). The frequency band of the information contained in signal 
components  𝐷𝑗(𝑘) and 𝐴𝑗(𝑘), obtained by reconstruction are as follows: 
𝐷𝑗(𝑘):      [2
−(𝑗+1) 𝑓𝑠  , 2
−𝑗 𝑓𝑠 ]     (𝑗 = 1,2, … 𝑚) 
                                                                                                                          (A1.1) 
𝐴𝑗(𝑘):       [ 0, 2
−(𝑗+1) 𝑓𝑠] 
where, 𝑓𝑠 is the sampling frequency. The original signal sequence X(n) can be 
represented by the sum of all components as follows. 
X (n) = D1 (n) + A1 (n) = D1 (n) +D2 (n) + A2 (n) 
= ∑ 𝐷𝑗(𝑛) + 𝐴𝑗(𝑛)
𝑗
𝑗=1
 
                                                                                                                        (A1.2) 
This research used non-normalized Shannon entropy. The definition of non-normalized 
Shannon entropy is as follows: 
𝐸𝑗 = − ∑   𝐸𝑗𝑘
𝑘
  log 𝐸𝑗𝑘 
                                                                                                                         (A1.3) 
where Ejk is the wavelet energy spectrum at scale j and instant k and it is defined as 
follows. 
                                                Ejk    =   |𝐷𝑗   (𝑘)|
2                                                        (A1.4) 
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Appendix 2 
Development of ANN 
An artificial neural network (ANN) is a mathematical model or computational model 
that is developed from the structure and functional aspects of biological neural 
networks. A neural network consists of an interconnected group of artificial neurons, 
and it processes information using a connectionist approach to computation. ANN has 
been applied successfully in various fields of mathematics, engineering, medicine, 
economics, meteorology, psychology and many others.  
In this thesis, ANN models are used for the identification and classification of different 
faults in a LCC HVDC system. Multi-layer feed forward artificial neural networks are 
developed for fault classification. A schematic diagram of typical feed forward neural 
network architecture is shown in Fig A2.1   
 
Figure A2.1 Architecture of typical feed forward neural network 
The network usually consists of an input layer, some hidden layers and an output layer. 
In the neural structure, every neuron is connected to other neurons of a previous or next 
layer through an adaptable synoptic weight. Training is the process of modifying the 
connection weight in some orderly fashion using a suitable learning method. The Back 
propagation learning algorithm is used for training the developed network. 
Input 
Layer 
Layer 
Hidden 
Layer 
Layer 
Output 
Layer 
Layer 
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Back propagation learning algorithm: 
Amongst the various architectures of neural networks, the back-propagation type of 
ANN is the most popular and this has been adopted in the present study.  The synaptic 
weights are generated with the help of a random number sub-routine. The activation or 
or transfer function may be sigmoid, hyperbolic tangent, etc. A feed forward ANN 
structure with one input and one output is developed for the fault analysis. DC line 
current is considered as inputs and the firing angle from the rectifier is considered as the 
output in this study. The architecture of the ANN model is shown below. 
Table A2.1 Architecture of the ANN model for fault analysis of LCC HVDC 
Total number of layers 3 
Number of hidden layer 5 
Input vector elements DC link current 
Output vector element  Firing angle of rectifier 
Number of neurons in the input,  
hidden and output layer 
1,5,1 
Activation function Tan-sigmoid, purelin 
Error goal 0.001 
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Start
Define input and 
output parameters
Get data for training 
and validation
Specify architecture 
of the ANN
Train the network using 
Back-propagation method
Validate the network 
with validation test
Results are 
satisfied?
       Modify
 1.Learning rate
 2. Number of layers
 3. Number of neurons
 4. Activation function
Generate simulink 
for best architecture
Stop
 
Fig A2.2 Flowchart of ANN modeling 
The above diagram Fig A2.2 shows the training procedure of the neural network.  The 
following Fig A2.3 shows the inner structure of the developed ANN model. Fig A2.4 
shows the entire input data (DC link current) feed to the ANN network. Fig A2.5 shows 
the entire target data (firing angle of rectifier) of ANN for training. 
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Fig A2.3 Developed ANN structure  
 
Fig A2.4 Input data pattern to ANN 
 
Fig A2.5 Target data pattern to ANN 
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Appendix 3 
Development of fuzzy logic 
 
In recent years, the number and variety of applications of fuzzy logic have increased 
significantly. The basic concept underlying fuzzy logic is that of a linguistic variable, 
that is, a variable whose values are words rather than numbers. Fuzzy logic is a form of 
many-valued logic and deals with reasoning similar to human reasoning from the 
ambiguous data (fuzzy data). In this thesis, fuzzy logic is used to classify different faults 
in VSC HVDC system.   
Fig A3.1 shows three inputs FIE 
Fig A3.2 shows membership functions for VdqVSC1 
Fig A3.3 shows membership functions for VdqVSC2 
Fig A3.4 shows membership functions for Idc 
Fig A3.5 shows five inputs FIE 
Fig A3.6 shows membership functions for VdqVSC1abc 
Fig A3.7 shows membership functions for VdqVSC1abb 
Fig A3.8 shows membership functions for VdqVSC2abc 
Fig A3.9 and Fig A3.10 shows membership functions for VdqVSC2abb and Idc 
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Fig A3.1 Three input FIE 
 
Fig A3.2 mf for VdqVSC1 
 
Fig A3.3 mf for VdqVSC2 
 
Fig A3.4 mf for Idc 
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Fig A3.5 Five input FIE 
 
Fig A3.6 mf for VdqVSC1abc 
 
Fig A3.7 mf for VdqVSC1abb 
 
Fig A3.8 mf for VdqVSC2abc 
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Fig A3.9 mf for VdqVSC2abb 
 
Fig A3.10 mf for Idc 
 
The tables below show the various power transfer data from VSC HVDC system: 
Table A3.1 shows power transfer data for VSC-HVDC during five different faults 
Table A3.2 shows 100% power transfer data 
Table A3.3 shows 80% power transfer data 
Table A3.4 shows 65% power transfer data 
Table A3.5 shows 50% power transfer data 
Table A3.6 shows 30% power transfer data 
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Table A3.1 
Simulation results of the VSC-HVDC system during various power transfer for 5 faults 
 Power Vdq Idq 
Normal  100% 183 725 
80% 184 570 
65% 185 467 
50% 185 360 
30% 186 215 
SLG (La-G) 100% 120 5200 
80% 120 5170 
65% 120 5160 
50% 121 5150 
30% 122 5130 
DLG (La-Lb-
G) 
100% 60 6900 
80% 60 6850 
65% 60 6840 
50% 61 6820 
30% 63 6800 
LLLG ( La-
Lb-Lc-G) 
100% 0 8630 
80% 0 8620 
65% 0 8620 
50% 0 8550 
30% 0 8500 
LL ( La-Lb) 100% 108 6386 
80% 111 6290 
65% 111 6270 
50% 111 6220 
30% 112 6200 
DC L-G 100% 175 1100 
80% 175 960 
65% 175 900 
50% 175 900 
30% 175 600 
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Table A3.2 
100 % Loading 
 VSC
1 
VSC2 DC La Lb Lc G VdqVSC1 VdqVSC1abb VdqVSC2 VdqVSC2ab
b 
Idc 
avg 
Fault 
Index 
Normal 0 0 0 0 0 0 0 374 205 391 215 940 0 
La –G 1 0 0 1 0 0 1 297 143 386 212 648 73 
Lb-G 1 0 0 0 1 0 1 255 68 386 212 768 69 
Lc-G 1 0 0 0 0 1 1 185 197 386 212 680 67 
La-Lb 1 0 0 1 1 0 0 274 36 383 212 596 76 
Lb-Lc 1 0 0 0 1 1 0 173 151 383 212 754 70 
La-Lc 1 0 0 1 0 1 0 235 188 383 212 703 74 
La-Lb-G 1 0 0 1 1 0 1 182 0 381 212 483 77 
Lb-Lc-G 1 0 0 0 1 1 1 62 61 381 212 514 71 
La-Lc-G 1 0 0 1 0 1 1 122 122 381 212 540 75 
La-Lb-
Lc-G 
1 0 0 1 1 1 1 0 0 381 212 425 79 
DC 0 0 1 0 0 0 0 380 198 381 200 0 16 
La –G 0 1 0 1 0 0 1 380 207 318    153 697 41 
Lb-G 0 1 0 0 1 0 1 380 207 275 74 908 37 
Lc-G 0 1 0 0 0 1 1 380 207 195 208 829 35 
La-Lb-G 0 1 0 1 1 0 1 384 207 204 0 500 45 
Lb-Lc-G 0 1 0 0 1 1 1 384 207 67 66 684 39 
La-Lc-G 0 1 0 1 0 1 1 384 207 134 134 555 43 
La-Lb 0 1 0 1 1 0 0 384 207 298 39 616 44 
Lb-Lc 0 1 0 0 1 1 0 384 207 182 159 796 38 
La-Lc 0 1 0 1 0 1 0 384 207 250 199 600 42 
La-Lb-
Lc-G 
0 1 0 1 1 1 1 384 207 0 0 325 47 
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Table A3.3 
80 % Loading 
 VSC
1 
VSC
2 
DC La Lb Lc G VdqVSC
1 
VdqVSC1ab
b 
VdqVSC
2 
VdqVSC2ab
b 
Idc 
avg 
Fault 
Inde
x 
Norma
l 
0 0 0 0 0 0 0 377 205 391 215 755 0 
La –G 1 0 0 1 0 0 1 298 143 385 212 494 73 
Lb-G 1 0 0 0 1 0 1 257 68 384 212 615 69 
Lc-G 1 0 0 0 0 1 1 185 198 388 212 515 67 
La-Lb 1 0 0 1 1 0 0 277 36 384 212 452 76 
Lb-Lc 1 0 0 0 1 1 0 175 152 387 212 605 70 
La-Lc 1 0 0 1 0 1 0 239 189 388 212 535 74 
La-Lb-
G 
1 0 0 1 1 0 1 182 0 382 212 375 77 
Lb-Lc-
G 
1 0 0 0 1 1 1 62 61 383 212 367 71 
La-Lc-
G 
1 0 0 1 0 1 1 122 122 383 212 400 75 
La-Lb-
Lc-G 
1 0 0 1 1 1 1 0 0 382 212 333 79 
DC 0 0 1 0 0 0 0 331 198 362 200 0 16 
La –G 0 1 0 1 0 0 1 379 207 317 153 570 41 
Lb-G 0 1 0 0 1 0 1 379 207 275 74 736 37 
Lc-G 0 1 0 0 0 1 1 377 207 194 208 682 35 
La-Lb-
G 
0 1 0 1 1 0 1 382 207 203 0 420 45 
Lb-Lc-
G 
0 1 0 0 1 1 1 380 207 66 66 613 39 
La-Lc-
G 
0 1 0 1 0 1 1 380 207 137 133 450 43 
La-Lb 0 1 0 1 1 0 0 384 207 296 39 504 44 
Lb-Lc 0 1 0 0 1 1 0 378 207 183 159 668 38 
La-Lc 0 1 0 1 0 1 0 382 207 249 199 525 42 
La-Lb-
Lc-G 
0 1 0 1 1 1 1 391 207 0 0 261 47 
 
 
 
 
 
 
188 
 
Table A3.4 
65 % Loading 
 VSC
1 
VSC
2 
DC La Lb Lc G VdqVSC
1 
VdqVSC1ab
b 
VdqVSC
2 
VdqVSC2ab
b 
Idc 
avg 
Fault 
Inde
x 
Norma
l 
0 0 0 0 0 0 0 378 205 390 215 603 0 
La –G 1 0 0 1 0 0 1 300 144 385 212 384 73 
Lb-G 1 0 0 0 1 0 1 258 69 384 212 465 69 
Lc-G 1 0 0 0 0 1 1 185 198 388 212 376 67 
La-Lb 1 0 0 1 1 0 0 279 37 384 212 339 76 
Lb-Lc 1 0 0 0 1 1 0 175 153 384 212 475 70 
La-Lc 1 0 0 1 0 1 0 240 190 384 212 430 74 
La-Lb-
G 
1 0 0 1 1 0 1 182 0 383 212 286 77 
Lb-Lc-
G 
1 0 0 0 1 1 1 63 61 383 212 263 71 
La-Lc-
G 
1 0 0 1 0 1 1 122 122 383 212 296 75 
La-Lb-
Lc-G 
1 0 0 1 1 1 1 0 0 383 212 270 79 
DC 0 0 1 0 0 0 0 331 198 361 200 0 16 
La –G 0 1 0 1 0 0 1 379 207 317 152 487 41 
Lb-G 0 1 0 0 1 0 1 379 207 274 74 620 37 
Lc-G 0 1 0 0 0 1 1 378 207 195 208 572 35 
La-Lb-
G 
0 1 0 1 1 0 1 384 207 203 0 360 45 
Lb-Lc-
G 
0 1 0 0 1 1 1 379 207 67 66 532 39 
La-Lc-
G 
0 1 0 1 0 1 1 379 207 139 133 515 43 
La-Lb 0 1 0 1 1 0 0 383 207 295 39 428 44 
Lb-Lc 0 1 0 0 1 1 0 379 207 181 159 554 38 
La-Lc 0 1 0 1 0 1 0 382 207 247 199 434 42 
La-Lb-
Lc-G 
0 1 0 1 1 1 1 389 207 0 0 220 47 
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Table A3.5 
50 % Loading 
 VSC
1 
VSC
2 
DC La Lb Lc G VdqVSC
1 
VdqVSC1ab
b 
VdqVSC
2 
VdqVSC2ab
b 
Idc 
avg 
Fault 
Inde
x 
Norma
l 
0 0 0 0 0 0 0 379 205 389 213 462 0 
La –G 1 0 0 1 0 0 1 302 145 386 212 265 73 
Lb-G 1 0 0 0 1 0 1 260 69 386 212 330 69 
Lc-G 1 0 0 0 0 1 1 187 200 386 212 255 67 
La-Lb 1 0 0 1 1 0 0 281 37 383 212 232 76 
Lb-Lc 1 0 0 0 1 1 0 177 154 383 212 350 70 
La-Lc 1 0 0 1 0 1 0 241 191 383 212 322 74 
La-Lb-
G 
1 0 0 1 1 0 1 186 0 381 212 200 77 
Lb-Lc-
G 
1 0 0 0 1 1 1 62 61 381 212 164 71 
La-Lc-
G 
1 0 0 1 0 1 1 122 123 381 212 186 75 
La-Lb-
Lc-G 
1 0 0 1 1 1 1 0 0 381 212 200 79 
DC 0 0 1 0 0 0 0 380 198 381 200 0 16 
La –G 0 1 0 1 0 0 1 380 207 317 152 392 41 
Lb-G 0 1 0 0 1 0 1 380 207 275 73 490 37 
Lc-G 0 1 0 0 0 1 1 380 207 195 207 472 35 
La-Lb-
G 
0 1 0 1 1 0 1 384 207 204 0 296 45 
Lb-Lc-
G 
0 1 0 0 1 1 1 384 207 67 66 450 39 
La-Lc-
G 
0 1 0 1 0 1 1 384 207 133 133 312 43 
La-Lb 0 1 0 1 1 0 0 384 207 294 39 348 44 
Lb-Lc 0 1 0 0 1 1 0 384 207 182 159 440 38 
La-Lc 0 1 0 1 0 1 0 384 207 250 199 348 42 
La-Lb-
Lc-G 
0 1 0 1 1 1 1 384 207 0 0 205 47 
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Table A3.6 
30 % Loading 
 VSC
1 
VSC
2 
DC La Lb Lc G VdqVSC
1 
VdqVSC1ab
b 
VdqVSC
2 
VdqVSC2ab
b 
Idc 
avg 
Fault 
Inde
x 
Norma
l 
0 0 0 0 0 0 0 381 209 388 213 265 0 
La –G 1 0 0 1 0 0 1 305 147 385 212 123 73 
Lb-G 1 0 0 0 1 0 1 263 70 384 212 141 69 
Lc-G 1 0 0 0 0 1 1 188 200 384 212 93 67 
La-Lb 1 0 0 1 1 0 0 283 37 385 212 102 76 
Lb-Lc 1 0 0 0 1 1 0 177 154 386 212 171 70 
La-Lc 1 0 0 1 0 1 0 242 192 387 212 186 74 
La-Lb-
G 
1 0 0 1 1 0 1 187 0 384 212 82 77 
Lb-Lc-
G 
1 0 0 0 1 1 1 64 62 384 212 13 71 
La-Lc-
G 
1 0 0 1 0 1 1 127 123 384 212 58 75 
La-Lb-
Lc-G 
1 0 0 1 1 1 1 0 0 385 212 115 79 
DC 0 0 1 0 0 0 0 332 198 357 200 0 16 
La –G 0 1 0 1 0 0 1 381 207 316 152 262 41 
Lb-G 0 1 0 0 1 0 1 380 207 272 73 297 37 
Lc-G 0 1 0 0 0 1 1 380 207 194 207 303 35 
La-Lb-
G 
0 1 0 1 1 0 1 382 207 201 0 202 45 
Lb-Lc-
G 
0 1 0 0 1 1 1 381 207 66 66 309 39 
La-Lc-
G 
0 1 0 1 0 1 1 382 207 132 133 220 43 
La-Lb 0 1 0 1 1 0 0 382 207 292 39 230 44 
Lb-Lc 0 1 0 0 1 1 0 382 207 183 159 260 38 
La-Lc 0 1 0 1 0 1 0 382 207 247 199 209 42 
La-Lb-
Lc-G 
0 1 0 1 1 1 1 382 207 0 0 109 47 
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Centroid 
Centroid defuzzification returns the center of area under the curve. If someone thinks of 
the area as a plate of equal density, the centroid is the point along the x axis about which 
this shape would balance. 
 Bisector 
The bisector is the vertical line that will divide the region into two sub-regions of equal 
area. It is sometimes, but not always coincident with the centroid line. 
MOM 
 Maximum value assumed by the aggregate membership function. 
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Appendix 4 
 
3. If (VdqWT1abc is mf8) and (VdqWT1abb is mf8) and (IdqWT1abc is mf2) and 
(VdqWT2abc is mf8) and (VdqWT2abb is mf8) and (IdqWT2abc is mf2) then (W1 is 
mf1)(W2 is mf1)(a is mf1)(b is mf1)(c is mf1)(G is mf1)  
4. If (VdqWT1abc is mf8) and (VdqWT1abb is mf8) and (IdqWT1abc is mf1) and 
(VdqWT2abc is mf8) and (VdqWT2abb is mf8) and (IdqWT2abc is mf2) then (W1 is 
mf1)(W2 is mf1)(a is mf1)(b is mf1)(c is mf1)(G is mf1)  
5. If (VdqWT1abc is mf6) and (VdqWT1abb is mf6) and (IdqWT1abc is mf4) and 
(VdqWT2abc is mf8) and (VdqWT2abb is mf8) and (IdqWT2abc is mf2) then (W1 is 
mf2)(W2 is mf1)(a is mf2)(b is mf1)(c is mf1)(G is mf2)  
6. If (VdqWT1abc is mf6) and (VdqWT1abb is mf4) and (IdqWT1abc is mf3) and 
(VdqWT2abc is mf8) and (VdqWT2abb is mf8) and (IdqWT2abc is mf2) then (W1 is 
mf2)(W2 is mf1)(a is mf1)(b is mf2)(c is mf1)(G is mf2)  
7. If (VdqWT1abc is mf5) and (VdqWT1abb is mf7) and (IdqWT1abc is mf5) and 
(VdqWT2abc is mf8) and (VdqWT2abb is mf8) and (IdqWT2abc is mf2) then (W1 is 
mf2)(W2 is mf1)(a is mf1)(b is mf1)(c is mf2)(G is mf2)  
8. If (VdqWT1abc is mf7) and (VdqWT1abb is mf3) and (IdqWT1abc is mf4) and 
(VdqWT2abc is mf8) and (VdqWT2abb is mf8) and (IdqWT2abc is mf2) then (W1 is 
mf2)(W2 is mf1)(a is mf2)(b is mf2)(c is mf1)(G is mf1)  
9. If (VdqWT1abc is mf5) and (VdqWT1abb is mf6) and (IdqWT1abc is mf4) and 
(VdqWT2abc is mf8) and (VdqWT2abb is mf8) and (IdqWT2abc is mf2) then (W1 is 
mf2)(W2 is mf1)(a is mf1)(b is mf2)(c is mf2)(G is mf1)  
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10. If (VdqWT1abc is mf5) and (VdqWT1abb is mf6) and (IdqWT1abc is mf6) and 
(VdqWT2abc is mf8) and (VdqWT2abb is mf8) and (IdqWT2abc is mf2) then (W1 is 
mf2)(W2 is mf1)(a is mf2)(b is mf1)(c is mf2)(G is mf1)  
11. If (VdqWT1abc is mf5) and (VdqWT1abb is mf2) and (IdqWT1abc is mf4) and 
(VdqWT2abc is mf8) and (VdqWT2abb is mf8) and (IdqWT2abc is mf2) then (W1 is 
mf2)(W2 is mf1)(a is mf2)(b is mf2)(c is mf1)(G is mf2)  
12. If (VdqWT1abc is mf3) and (VdqWT1abb is mf4) and (IdqWT1abc is mf4) and 
(VdqWT2abc is mf8) and (VdqWT2abb is mf8) and (IdqWT2abc is mf2) then (W1 is 
mf2)(W2 is mf1)(a is mf1)(b is mf2)(c is mf2)(G is mf2)  
13. If (VdqWT1abc is mf4) and (VdqWT1abb is mf5) and (IdqWT1abc is mf5) and 
(VdqWT2abc is mf8) and (VdqWT2abb is mf8) and (IdqWT2abc is mf2) then (W1 is 
mf2)(W2 is mf1)(a is mf2)(b is mf1)(c is mf2)(G is mf2)  
14. If (VdqWT1abc is mf2) and (VdqWT1abb is mf2) and (IdqWT1abc is mf5) and 
(VdqWT2abc is mf8) and (VdqWT2abb is mf8) and (IdqWT2abc is mf2) then (W1 is 
mf2)(W2 is mf1)(a is mf2)(b is mf2)(c is mf2)(G is mf2)  
15. If (VdqWT1abc is mf8) and (VdqWT1abb is mf8) and (IdqWT1abc is mf2) and 
(VdqWT2abc is mf6) and (VdqWT2abb is mf6) and (IdqWT2abc is mf4) then (W1 is 
mf1)(W2 is mf2)(a is mf2)(b is mf1)(c is mf1)(G is mf2)  
16. If (VdqWT1abc is mf8) and (VdqWT1abb is mf8) and (IdqWT1abc is mf2) and 
(VdqWT2abc is mf6) and (VdqWT2abb is mf4) and (IdqWT2abc is mf3) then (W1 is 
mf1)(W2 is mf2)(a is mf1)(b is mf2)(c is mf1)(G is mf2)  
17. If (VdqWT1abc is mf8) and (VdqWT1abb is mf8) and (IdqWT1abc is mf2) and 
(VdqWT2abc is mf5) and (VdqWT2abb is mf7) and (IdqWT2abc is mf5) then (W1 is 
mf1)(W2 is mf2)(a is mf1)(b is mf1)(c is mf2)(G is mf2)  
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18. If (VdqWT1abc is mf8) and (VdqWT1abb is mf8) and (IdqWT1abc is mf2) and 
(VdqWT2abc is mf6) and (VdqWT2abb is mf3) and (IdqWT2abc is mf4) then (W1 is 
mf1)(W2 is mf2)(a is mf2)(b is mf2)(c is mf1)(G is mf1)  
19. If (VdqWT1abc is mf8) and (VdqWT1abb is mf8) and (IdqWT1abc is mf2) and 
(VdqWT2abc is mf5) and (VdqWT2abb is mf6) and (IdqWT2abc is mf4) then (W1 is 
mf1)(W2 is mf2)(a is mf1)(b is mf2)(c is mf2)(G is mf1)  
20. If (VdqWT1abc is mf8) and (VdqWT1abb is mf8) and (IdqWT1abc is mf2) and 
(VdqWT2abc is mf5) and (VdqWT2abb is mf6) and (IdqWT2abc is mf6) then (W1 is 
mf1)(W2 is mf2)(a is mf2)(b is mf1)(c is mf2)(G is mf1)  
21. If (VdqWT1abc is mf8) and (VdqWT1abb is mf8) and (IdqWT1abc is mf2) and 
(VdqWT2abc is mf5) and (VdqWT2abb is mf2) and (IdqWT2abc is mf4) then (W1 is 
mf1)(W2 is mf2)(a is mf2)(b is mf2)(c is mf1)(G is mf2)  
22. If (VdqWT1abc is mf8) and (VdqWT1abb is mf8) and (IdqWT1abc is mf2) and 
(VdqWT2abc is mf3) and (VdqWT2abb is mf4) and (IdqWT2abc is mf4) then (W1 is 
mf1)(W2 is mf2)(a is mf1)(b is mf2)(c is mf2)(G is mf2)  
23. If (VdqWT1abc is mf8) and (VdqWT1abb is mf8) and (IdqWT1abc is mf2) and 
(VdqWT2abc is mf4) and (VdqWT2abb is mf5) and (IdqWT2abc is mf5) then (W1 is 
mf1)(W2 is mf2)(a is mf2)(b is mf1)(c is mf2)(G is mf2)  
24. If (VdqWT1abc is mf8) and (VdqWT1abb is mf8) and (IdqWT1abc is mf2) and 
(VdqWT2abc is mf2) and (VdqWT2abb is mf2) and (IdqWT2abc is mf5) then (W1 is 
mf1)(W2 is mf2)(a is mf2)(b is mf2)(c is mf2)(G is mf2)   
 
 
 
195 
 
List of Publications 
 
(1) Benish Paily, M.Basu, M.Conlon, “A review on electricity generation issues of 
offshore wind farm”, SEEP-2012, Dublin 
(2) Benish Paily, M.Basu, M.Conlon, “Fault Identification of LCC HVDC using Signal 
Processing Techniques”, UPEC-2013, DIT, Dublin 
(3) P. Sanjeevikumar, Benish Paily, M.Basu, M.Conlon, “Classification of fault analysis 
of HVDC Systems using Artificial  Neural Network”, UPEC-2014, Romania 
(4) Benish Paily, Kumaravel S, M.Basu, M.Conlon, “Fault analysis of VSC HVDC 
Systems Using Fuzzy Logic”, SPICE 2015, Calicut, India 
In Progress 
(5) Benish Paily, Kumaravel S, M.Basu, M.Conlon, Design Steps of Fuzzy Logic 
Classification for Fault Analysis of a VSC-HVDC System, (journal paper) 
(6) M. Basu, Benish Paily, M.Conlon, Early Detection of HVDC System using Time 
Localized Iterative Least-Square Technique 
(7) Benish Paily, M.Basu, M.Conlon, Fault Analysis of multi-terminal HVDC systems.  
 
 
 
